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Abstract
In this investigation computational molecular mechanics is used to optimise the 
energies and geometries o f p-terphenyl and p-quaterphenyl and their analogues 
crosslinked with adipic dihydrazide (ADH). The Dreiding 2.21 force field is used and 
proves to be a good overall force field when applied to very simple molecules. The p- 
terphenyl systems studied in this chapter generally show good optimisation except for 
systems where heavy atoms like bromine and iodine are present.
Systems containing ADH are successfully optimised although the presence o f several 
methyl groups in their structures causes the optimisation to take longer than ‘rigid’ p- 
terphenyl systems. The high degree of conjugation present in poly(p-phenylene) 
systems is not well modelled by molecular mechanics.
Semi-empirical molecular orbital calculations using MOP AC version 6.0, for models 
that are generated in chapter 3 show improved optimisation o f geometries, particularly 
where heavy atoms {e.g. bromine) are present.
Band gap calculations performed using Koopmans’ theorem and employing a scaling 
factor o f 0.32, yield good energies for the band gaps. The latter proves that the band 
gap energies have a strong influence by the nature of the substituent. Hence the 
systems possessing substituents are predicted to be poorer conductors.
The synthesis o f oligomer o f /?-phenylene via a Suzuki coupling method is reported. 
The oligomer is characterised using a variety o f spectroscopic techniques and 
elemental analysis. The effect o f substitution is examined by incorporating carboxylic 
acid groups to produce a potential site for cross-linking. The poly(/?-phenylene) is 
examined and an approximately linear response is obtained for voltage vs. current, 
yielding a d.c. conductivity value o f 2 x 10'8 Scm"2. The latter compare favourably 
with the published data.
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Chapter 1 Literature Review Conducting Polymers
1.0 Introduction to Conducting Polymers
Polymers are still used in their traditional role as engineering materials (circuit boards, 
moulded products, adhesives, wires and cable insulation). However, technology has 
reached a turning point where the unique properties o f polymers make them suitable 
not only for these so-called passive applications but for more active applications. 
Polymeric materials are increasingly used in a wide variety o f electronic applications 
such as sensors and light emitting diodes.1 Polymeric systems possessing a conjugated 
backbone display unusual electronic properties, for instance high electronic affinities, 
low ionization potentials and low energy optical transitions. The conductivity o f 
conjugated polymers extends across a very wide range (<1 0 '12 to ~  105 ohm' 1 cm"1) but 
also depends on the dopant being used. In doing so converting an insulating polymer 
to a conducting polymer with conductivity approaching that o f metals.
However, current conductive polymers are not readily processable in their pure form. 
The aim o f this research in conductive polymers is to combine the processability and 
other attractive properties o f polymers with electronic properties o f semiconductors. 
To achieve processability a blend with a more common, non-conductive polymers. 
The introduction o f side chains that induce liquid crystalline behaviour is an important 
strategic tool for improving the processability o f semi-conductive polymers.
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Figure 1.1 Displays the conductivites of some conductive conjugated polymers that 
have been reported.3
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1.1 Band Theory Transportation in conductive polymers
The theory, which can explain the phenomenon o f materials that have the electrical 
conductivity properties is referred to as the ‘Band Theory’. A more detailed 
discussion o f the band theory with respect to the work for this project will be from an 
organic chemistry viewpoint (see further reviews).4 Principally this theory explains 
when atoms are brought together forming a molecule in the crystalline state and the 
atomic energy levels split. These atomic energy levels mix with the same atomic
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energy levels o f neighbouring atoms to produce continuous bands. According to the 
Hiickel theory, the interaction o f the p  orbitals forms two molecular orbitals, the % 
bonding % anti-bonding orbitals the gap between these bands is referred to as the 
energy gap (see Figure 1.2). This band energy-gap determines whether a material is 
semi-conducting or insulating. The filling o f these bands follows the Aufbau principle 
for atoms {i.e. electrons are placed in the bands as pairs), beginning with the lowest 
energy band and filling to the higher energy states in succession. The highest 
occupied state is often called the Fermi level. The Fermi level, which is also referred 
to as the electron chemical potential, is defined as the collection o f electron energy 
levels at absolute zero temperature (zero Kelvins). Electrons following the Pauli 
exclusion principle cannot exist in identical energy states and therefore, at this 
temperature, they pack into the lowest available energy states. The Fermi level 
describes the surface o f the energy states, at zero Kelvins, no electrons have enough 
energy to rise above it. The Fermi level plays an important role in the band theory of 
solids: in doped (p-type and n-type) semi-conductors, the former is shifted by the 
impurities to yield band gaps. Further reviews have been reported describes the n- 
conjugated systems o f polymers and their properties.5"15 Electrical conduction occurs 
through the movement o f either electrons or ions. In the discussion o f this simple 
conduction process there is a basic equation (see equation 1).
Equation 1.1
a = qnji
Where, a is the conductivity, q the charge, the concentration is n and the drift mobility 
p. The last parameter describe the ease in which the charged species will move under 
the influence o f an applied electric field and is often expressed as velocity per unit 
field (m2 V 'V 1) . 16
3
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Figure 1.2 Illustrates the various types of band energy gaps.
Figure 1.2 depicts the band energy gaps diagrams for 3 different cases, conductive, 
undoped semi-conductive and the non-conductive (insulator). The lower regions are 
the filled electron energy bands, Eg is the band energy gap, which separates between 
the filled and empty states. The Peierls’ energy band gap as it is often referred to is 
responsible for the Highest Occupied Molecular Orbital (HOMO) and the Lowest 
Unoccupied Molecular Orbital (LUMO) in relation to the behaviour o f conjugated 
semi-conducting polymers.
1.2 Peierls’ Distortion, Solitons, Polarons and Bipolarons
Although band theory is an accepted way o f explaining the conduction o f metals it is 
not sufficient to explain the behaviour o f the electrons in semi-conductive polymers. 
However, the concept o f solitons has been accepted since the 1980s to describing the 
phenomenon o f ftw?s-polyacetylene (PA) (see Figure 1.3). Originally it was first 
thought that conduction mechanism within organic polymers was due to doping or the 
simple removal o f electrons from the top o f the valence band (oxidation) or the 
addition o f an electron into the bottom of the conduction band (reduction). Doping o f
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these particular materials will be discussed briefly in a later section. A precise 
understanding o f the conduction mechanism has been borne out o f this concept o f  
transport via structural defects in the polymeric chain. Many polymers have a closed 
shell system where all the electrons are paired. As mentioned in the previous section 
this leads to the polymeric material either being insulating or semi-conductive. A 
good example o f this theory is PA and several other types o f conjugating polymers. In 
principle, the structures o f conjugated polymers, such as trans-PA would give rise to 
extended electronic states formed by the overlaps o f the n electrons and hence, the 
electircal conductivity o f the polymers.
Figure 1.3 Shows some of the basic polymers which have been investigated the most.
OMe
17
HsO
\
L N
Conjugated conducting polymers are therefore in principle referred to as quasi-one- 
dimensional metals as the systems are highly anisotropic (the electrons move 
preferentially in one direction along the polymeric backbone chain). This is also 
because 7t-electrons overlap in an alternating fashion and this results in the familiar 
conjugated rc-bond structure, the trans-PA18 is a good example o f this (see Figure 1.4). 
In terms o f the energetic states, the bond alternation causes an energy gap to be 
opened at the Fermi level, this allows the system to be either conducting or semi­
conducting in specific regions, and this is recognised as Peierls’ distortion.
Figure 1.2 illustrates the valence band or the HOMO and the conduction band or 
LUMO. Definition o f the theorem (see also Figure 1.2), states that one-dimensional 
polymeric chains can have the characteristics o f metals. The theorem implies that 
structures A and C are equivalent or in a stable form, but not structure B. Structures A 
and C are referred to as the degenerate ground state polymer. With structure B 
however, all C-C bond lengths are equivalent, and therefore the electronic structure
5
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10 97has a zero band gap and therefore can be regarded as a metallic material. 
However, the electronic excitation in polymeric material is followed by a ‘distortion’ 
or ‘relaxation’ o f the lattice around the excitation, this reduces the local lattice strain 
energy. Since single and double bonds have differing lengths the movement o f the 
charge is closely connected with stresses and strains among the carbon atoms hence 
their electrons will also be a defect along the polymeric chain.
Figure 1.4 Illustrates trans-PA
1.3 Solitons
The phenomenon o f solitons only occurs in degenerate polymers, (i.e. trans-PA) with 
the double bond going from left to right as denoted in Figure 1.4 as type A, and the 
bonds sloping from the other way as type C. A type A region next to a type C region 
may occur on the same trans-?A chain. Typically, there is a region between them, 
where transition takes place. The dimerization is weakened gradually and vanishes at 
the centre and the bonds are o f equal length. This area, which is separated from the 
different directions o f the double bonds i.e. the region between type A and type C, is 
called the soliton region this shown as type B. The soliton is sited at an energy half­
way between the n bonding and 7t*anti-bonding levels (see Figure 1.2).
6
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1.4 Polarons
Most other types of conjugating conducting polymers are without degenerate states. 
An example o f this would be poly(/?-phenylene), whereby the formation o f a quinoid 
structure (see Figure 1.6) with a significantly higher energy. The difference in the two 
polymers leads to qualitatively different electronic structures. From a chemist’s 
viewpoint this is referred to as a radical cation (or radical anion in reduction) and is 
also often called a polaron.
Conduction
band
P2
P1
P3
A
P4
Valence
band
Figure 1.5 Depicts the energy level and optical transition for the positively charged 
polaron
These are localised distortions o f lattice and the related energy level is split off from 
the continuum band states (see Figure 1.5) and into the band energy gap. Polarons can 
exist in different charge states. For conjugated structures like poly(p-phenylene) the 
polaron has linked with it two gap states pulled away symmetrically from the band 
edges, the presence o f these gap states can allow for several new sub-gaps.
aromatic
quinoid
Figure 1.6 Displays the aromatic and quinoid degenerate states of poly(p- 
phenylene)
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1.5 Bipolarons
Further oxidation results in the formation o f a bipolaron. It is energetically more 
favourable to remove a second electron from a polaron than to form a second 
polaron.25 A bipolaron is recognised as doubly charged species (either a dication or 
dianion in the case o f reduction) with strong local lattice distortion. This is due to the 
lattice relaxation around the charges being stronger than in the case o f a single charge 
and the electronic states are further away from the band edges than they are for the 
polarons. In the instance o f a bipolaron the energy levels within the gap are either 
empty or full. It is these species that are thought to be involved in the conduction 
process, for detailed review on solitons, polarons and bipolarons see articles 17, 18, 
and 19.
1.6 Organic Conductive Polymers
The rigidity o f conductive polymer backbones is due to the high delocalisation in the 
7i-electron system, resulting in poor solubility and high melting temperatures. Much 
research has been dedicated to overcoming the problems o f processibilty and three 
general approaches have been defined. Firstly, in situ polymerisation to polymer, e.g. 
polymerisation o f polyacetylene via Ziegler Natta catalysis, polythiophene, 
polypyrrole and polyaniline, secondly processing via a solution-processible 
‘precursor’ polymer, with an in situ conversion to the tractable conjugated form after 
processing (e.g. the Durham route to polyacetylene) via ring opening methathesis 
polymerisation (ROMP) 25 (see Figure 1.7).
This will then be followed by several different types o f semi-conducting polymers, 
such as; polyacetylene (PA)26, polypyrrole (Ppy)27, and polyanline (PAn) 28 followed 
by the semi-conducting polymer of interest within this project is the poly(p- 
phenylene) where a more detail discussion is made. In this section the properties o f a 
conjugated semi-conducting polymer is reviewed. Later in this section the 
applications o f a conjugating semi-conducted polymer is reviewed.
8
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Figure 1.7 Displays the ROMP reaction25
CF.
n
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WCL CF.
M onomer A Prepolymer 
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32 0 -3 9 0  K
(volatile)
1.7 Polyacetylene
330-340  K
trans-poly(acetylene)
Polyacetylene (PA) is the best known and most fully investigated example o f a 
conducting polymer. PA also represents the simplest o f the conjugated organic 
polymers and has therefore received much attention as a fundamental material. It has 
both cis and trans forms, which can be prepared as silvery, poly crystalline, semi­
conducting films. As was mentioned in an earlier section, PA consists o f a long chain 
o f carbon atoms, each bonded to neighbouring carbons and single hydrogen atom. The 
carbon-carbon bonds are not identical but alternate between single and double bonds. 
However, when PA was doped the material with strong electron acceptors such as 
iodine, the polymer began to conduct nearly as a metal with a conductivity 10l0 times 
higher than pure PA. Doping is achieved by exposing films to vapour o f the dopant. 
The doping o f trans films has been extensively studied and more so than the cis films 
because the doped conductivities are two or three times greater than those analogues. 
Typically p-type dopants are Br2 , I2, AsFs and H2SO4 and n-type electron donating
9
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doping can be achieved by immersing films in solutions o f sodium naphthalide in
31THF. Heeger, MacDiarmid and Shirakawa confirmed that the polymers had become 
metallic by showing that doping caused it to absorb and reflect far infrared light, 
unlike pure polymer, which are transparent. Photons in that range allow PA electrons 
to absorb energy and enter the so-called conduction band.
The poor mechanical and physical properties, intractability and instability o f PA have 
prevented their widespread application, but have also prompted studies o f copolymers 
and composites containing PA as the conductive component.
1.8 Polypyrrole
Polypyrrole (Ppy) can be prepared by electropolymerisation o f pyrrole (using 
electrodes made from platinum foils, gold or conducting glass) and it is then obtained 
as highly coloured, dense conducting films. This particular polymer has also prompted 
considerable research as they can be produced readily in the doped state. A 
monomeric solution is electrolysed in the presence o f Et4N+BF4_ a blue-black 
conducting polymer produced at the anode. The removal o f the polymer from 
electrode and conductivities o f up to 104 Sm' 1 have been reported.31 
One o f the principal advantages o f Ppy over doped polymers is its excellent thermal 
stability in air. It is thermally stable up to 250°C showing little degradation o f its 
conducting properties below this temperature. Ppy is highly coloured in the 
conducting state, Murthy et al. 31 produced blue-black thin films in sulphuric acid with 
bulk conductivities o f 6.5 Sm'1, yet it also be cathodically reduced to give a green 
transparent insulating material. Ppy displays excellent mechanical properties, being 
both flexible and tough and can be stretched by up to 60%.31
1.9 Polyaniline
This material has received much attention because o f potential applications, such as in 
the fabrication o f novel batteries. Although this polymer was first produced in the 
nineteenth century, interest in it and its derivatives did not really begin to develop 
until the mid-1980s. Several methods for the preparation o f polyaniline have been 
reported although the preferred method utilises electrochemical polymerisation. This
10
Chapter 1 Literature Review Conducting Polymer
is because the resulting products are clean and do not require extraction from the 
initial monomer, oxidation or solvent. The advantage of this material is the low cost in 
producing it from aniline and the fact that it has very important features that 
distinguish it from other conductive polymers, such as solution processing of 
polyaniline which has been achieved via several routes and in one instance the use o f 
large anions to confer solubility on the polymer.
1.10 Poly(p-phenylene)
Poly(/?-phenylene) (PPP), forms a series o f polymers consisting o f a backbone of 
phenyl rings, (shown in Figure 1). Several experimental procedures go as far back as 
the 1950s concerning with the chemical oxidation o f benzene have been reported. 
However, it was not until the 1960s that the material had been characterised. Several 
different chemical routes were proposed for the first synthesis of PPP. The material 
was obtained in a powder form but it was difficult to process due to the nature o f the 
material being insoluble to all common organic solvents. PPP can be doped with an 
electron donor or acceptor to form a conductive complex. Only a brief discussion o f 
other types o f syntheses o f PPP will be mentioned within this thesis, but there are 
detailed reviews on these which have been reported.34'38
1.11 Outline Common Syntheses o f Poly(p-phenylene)
In the following section the three main routes which have reported at length for the 
formation o f PPP. The first is the direct oxidation o f benzene with a suitable catalyst- 
oxidant system, known as the Kovacic reaction.39^ 1 The second route describes the 
catalytic and thermal dehydrogenation of poly (1,3-cyclohexadiene) 42-44 and the third 
route outlines the metal catalysed coupling reactions (Grignard,45-47 Ullmann,48-51 
Wurtz-Fittig, 52'54, Yamamoto55,56 and Suzuki.57,58
1.12 Kovacic’s Method
Kovacic’s Method39-41 is the route used in the dehydro-coupling o f benzene nuclei by 
catalyst-oxidant systems, leading to the formation o f C-C bonds and producing high
11
Chapter 1 Literature Review Conducting Polymer
yields o f PPP. The Kovacic method is ideal for obtaining PPP and only a low yield o f  
polynuclear structures is generated. The method does possess drawbacks such as the 
molecular weights being low (the degree o f polymerisation is not higher than 15) and 
the PPP produced has large amounts o f impurities such as chlorine, oxygen and 
catalytic residues.39
1.13 Catalytic and thermal dehydrogenation of poly (1,3- 
cyclohexadiene)
Catalytic and thermal dehydrogenation o f poly(l,3-cyclohexadiene) involves the 
aromatisation o f the soluble poly(l,3-cyclohexadiene) precursor which is heated to 
give the PPP. The dehydrogenation is carried out in the presence o f a mild oxidant 
respective o f their medium and substituents attached to the cyclohexadiene 
moiety.42,43 It was not until the work o f Ballard et a l 44 that improvements were made. 
Although high aromatisation yield was obtained the structure o f the polymer was not 
ideal as the technique used polymerised cyclohexadiene with 1,4 linkages as desired 
but also with 1,2 coupling (see Figure 1.8 on the next page), leading to the general 
formula.
Figure 1.8 illustrates the catalytic dehydrogenation of poly(1,3-cyclohexadiene)
Microbiaj / /  v
Oxidation \  —  /
H3CCO OCCH3
Radical
coupling
+  nCC>2+  nCHaOH
H3CCO OCCH3
12
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1.14 Metal catalysed coupling reaction
A large number o f reactions based on the coupling o f the 1,4 disubstituted aromatic 
monomers in the presence o f metals have been studied to generate high molecular 
weight all /?<zra-linked PP. Early syntheses o f PPP, using metal catalyzed coupling 
reactions, will not be mentioned and further but details can be obtained from the 
respective references, Grignard,44"46 Ullmann,47"50 Wurtz-Fittig51"53 and 
Yamamoto.54,55 The chemical route that is being used for this project is the Suzuki 
cross coupling method. This particular reaction system can tolerate a variety o f 
functional groups on either o f the coupling groups and no ‘migration o f reaction sites’ 
and is ideal for the synthesis o f polyarylenes.56,57 Only a concise introduction to the 
major palladium synthetic steps is mentioned, but a detailed description o f the Suzuki 
cross coupling method is explained towards the end o f this section.
1.15 Palladium Catalysed Cross Coupling
Pd(0) cross coupling reactions have been developed for the formation o f carbon- 
carbon bonds and are a key step in many polymerisation reactions. The general 
mechanism o f the Pd-catalysed reaction is illustrated in Figure 9. The reaction 
involves three central steps: 1) oxidative addition o f the organic electrophile to the 
zero valent metal catalyst; 2 ) the transfer o f the organic group from the organometallic 
compound to the metal catalyst in the transmetallation step; and finally 3) reductive 
elimination o f the coupled product with the simultaneous renewal o f the zero valent 
metal catalyst. There are three main types o f Pd(0) cross coupling reactions, the 
Heck, Stille and the Suzuki. A minimal introduction to the Heck and Stille reaction is 
covered, in this section. Whilst, the Suzuki reaction is the method that has been used 
for this project and will be discussed in more detail.
13
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Pd(n)X2L2
2L, 2e"
2X‘
L .R-X
2L
■2L
Reductive
Elimination Oxidative addition
L L
R Pd(II) L R------Pd(II)------X
R’ L
Trans-Cis
Isomerisation T ransmetallation
R'-M
X-MR------ Pd(Il)— R'
L
Figure 1.9 A general mechanism of Pd catalysed cross coupling of organometallics 
and organic electrophiles.58
Where L= ligand, X = halide, R, R’= conjugate or aromatic groups and M= Pd.
1.16 The Heck Reaction
A Pd-catalysed arylation and vinylation o f olefins reaction involving the presence o f a 
weak base is referred to as the Heck reaction, an overall equation for the Heck
CO
reaction is shown below.
Equation 1.2 depicts the overall Pd-catalysed reaction, involving the arylation and 
vinylation o f olefins in the presence o f a weak base.
Equation 1.2
H /  R /
\  /  Pd(0), Base \  /
C = C  + R— X ----------------------------------C = C
/  \  /  \
14
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The R group can represent aryl, heteroaryl, benzyl or vinyl groups. Alkyl groups can 
be sp3 hydrogens p to the leaving group, which under goes elimination. Common 
leaving groups are I, Br and OSO2CF3 (OTf) .59-62 Olefins, which have substituted 
groups with electronic properties ranging from electronic-deficient to electron rich, 
participate in the reactions also. The base that is used is either secondary or tertiary 
amine such as triethylamine. Other bases like potassium (sodium) acetate, bicarbonate 
or carbonate are also used. There have been several good reviews written about the 
Heck reaction. 63-71
1.17 The Stille Reaction
The Stille reaction is essentially the same as the Suzuki reaction except that a tin 
reagent is used in place o f an organoboron.74-76 This method has not been used as 
widely as the Suzuki reaction, although different monomer pairs can react to give a 
variety of polymer types.
Organic electrophiles, usually unsaturated halides and triflates undergo a Pd catalysed 
coupling reaction with organotin (for further details reviews see references 74-79). 
Equation 1.3 shows the Pd-catalysed reaction involving an organic electrophile with 
organotin reagent, which is referred to as the "Stille" reaction.
Equation 1.3
Pd(0)
R X + R"3SnR' ------------------------- R----- R’ + R"3SnX
It is important to state that palladium catalysed cross coupling reaction o f organotin 
reagents with electrophiles is also versatile process and which, can tolerate a wide 
array o f different functional groups. (1) Organotin reagents can also be coupled with a 
wider variety o f electrophiles such as acid halides, benzyl halides, vinyl halides and 
aryl halides, saturated organic halides and some derivatives o f alcohols. However, 
organic boronic acids have an advantage compared with organotin reagents in term of
71toxicity and process costs.
15
Chapter 1 Literature Review Conducting Polymer
1.18 The Suzuki Reaction
This particular Pd-catalysed reaction involves an organoboron and an organic 
electrophile in the presence o f a base (equation 1). In 1981, it was first reported by 
Suzuki and his co-workers that aryl halide could be coupled with benzeneboronic 
acid, catalysed by palladium phosphine complex using a mild base sodium
OA
carbonate. This method has been reviewed extensively, and is ideal for regiosepcific 
Suzuki reactions.81'85
A catalytic cycle has been proposed by Suzuki for the cross coupling of 
organoboranes with organic halides see equation.86 The most commonly used aryl 
halides are iodides and bromides in Suzuki reaction. However, aryl chlorides do not 
readily participate in these cross coupling reactions, but with the exception o f electron
0 *7  o o
deficient groups being present. ' . In recent years studies have shown the important 
mechanistic information89'90, of the Suzuki coupling cross coupling see Figure 10. The 
oxidative, transmetallation and reduction mechanism o f Suzuki cross coupling is well 
understood and is detailed in a later section.
Equation 1.4 an overall view o f the Pd-catalytic cross coupling reaction o f organic 
electrophiles with organoboron compounds known as the “Suzuki” reaction.
Equation 1.4
Pd(0)
R X + Ri B(OH)2 ----------- ► R-----R'
Base
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Figure 1.10 Mechanism of the “Suzuki” reaction.
Pd(0)
ArX
Ar-Ar'
3
Ar-Pd-Ar' Ar-Pd-X
© B(
NaX
NaOH
Ar’B(OH)2 Ar’—  OH
NaOH
OH
Where Pd is the organopalladium, Ar refers to conjugate or aromatic groups and X is 
equivalent to Br and or I.
When compared with general catalytic mechanisms Suzuki cross coupling 
mechanisms have a specific key difference. In the former, the oxidative addition is 
followed by a metathetical displacement o f the halide ion from the 
organopalladiumhalide by a basic species and produces organopalladium alkoxides 
and organopalladium hydroxides. This is dependent on the base that had been used. 
The organopalladium alkoxides and hydroxides formed are found to be more reactive 
than organopalladium halides.71
The oxidation o f the metal and the reduction the organic electrophile is referred to as 
the oxidative addition step. The reactivity decreases in the following order 
I>Otriflate>Br»Cl. From the mechanistic scheme two equivalents o f base are 
required for this cycle. One equivalent is utilised and forms boronate; this consistent 
with the evidence that boronic acids behaves in the Lewis sense with the formation o f  
a tetravalent boron atom. The second equivalent base is expended in the metathetical 
displacement to form organopalladium hydroxide. Organopalladium hydroxide is 
more reactive than the organopalladium halide, since the Pd-O bond is more polar 
than the Pd-Br bond, due to the greater electronegativity o f the oxygen compared with 
the bromine. This results in the electrophilicity o f the organopalladium hydroxide,
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which is stronger than that o f the organopalladium bromide, thus electrophilic 
transmetallation reaction is then made possible and the formation o f the arylboronate 
and the organopalladium hydroxide.
It is important to have the base present as the reaction fails to couple the 
organoboronic acids. The catalytic cycle also indicates the possibility o f selectively 
coupling organometallics bearing boron and other metal functionalities.91'93 The 
organic partners are eliminated, and the Pd(II) is converted back to the original Pd(0) 
complex and can continue to catalyse further reactions. The reaction takes place in the 
cis-isomer position only however, trans-cis isomers are in equilibrium with each 
other. The order o f reactivity is diaryl> (alkyl) aryl>alkyl. This proposes that the tl 
orbitals o f any o f the groups contribute during bond formation.
1.19 Summary of Synthetic methods used to Prepare PPP
Pd(0) catalysed carbon-carbon bond forming reactions have exclusive characteristics 
that have enabled advances in the synthesis o f aromatic and heteroaromatic polymers 
with well-defined structures. The advantages of using this particular type o f catalysts 
are 1) the simplistic formation o f the carbon-carbon bond under mild conditions, but 
with many different functionalities being present and 2 ) the excellent regio and 
chemo-selectivities leading to well defined structures. An important point to add is the 
control o f the molecular weight o f the polymer and chain ends. Most often low 
molecular weight is obtain via these methods, but the basis is not due to the efficiency 
of the catalyst, but to the inherent insolubility o f the polymer.
1.20 Technological Applications of Conductive Polymers
Research in the area o f conducting polymers is directed towards combining the 
electronic properties o f metals with the materials properties o f polymers. There are 
several particular applications involving the replacement o f metals. By the insertion o f 
bridging atoms or groups into the aromatic constituents one can alter the electronic 
bandwidth, change the ionisation potential (or electron affinity) or vary the energy 
gap. Thus several electronic properties is potentially available in the class o f organic 
polymeric conductors. 1 A promising feature of doped polymers is that their
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conductivities can be varied and over many orders o f magnitude, see also Figure 1.1. 
Doped poly(p-phenylene) was initially proposed for use as a component in a light­
weight electrically storage batteries.96,97
The 2000 Nobel Prize for chemistry recognised the discovery o f conducting polymers, 
making the discovery o f plastic electronics possible. The list given on the next page in 
Table 1.2 identifies some o f the suggested potential applications.
Figure 1.11 Shows a flexible electronic circuit, that works even when bent.98
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Table 1.2 the suggested potential applications of conducting polymers
> Light weight, high performance batteries (electrodes)
> Electrodes, membranes for electrochemistry and fuel cells
> Semi conductor components (p-n transition Schottky barriers)
> Light weight, flexible wiring
> Low cost solar cells
> Heating elements
> Electroprinting and photocopying
> Display devices
> Printed circuit boards
> Smart aircraft skins
> Environmental sensor devices (gas, ions, radiation)
> Electromagnetic interference shielding
> Components in conductive composites and adhesives
> Electrostatic dissipation
Since the availability o f the film-forming polymers has been achieved the advances in 
semi-conductor devices have both increased and improved. The active polymer 
component has gained interest into two particular areas, firstly the metal-insulator 
semi-conductor device and recently the metal-semi-conductor-metal light emitting 
diode.98
Conductive coatings have long been used in electromagnetic shielding applications 
and the potential in this application is an attractive one. With the commercial 
availability o f polyaniline and related blends since the 1990s have been made possible 
to make these materials into shielding applications. The blends when compared with 
metals flakes or fibre-filled polymers and are non-abrasive and much easier to 
process. They also demonstrate more uniform conductivites than are possible with 
carbon-filled coatings. It appears that polythiophene blends currently being developed 
may also be used for similar purposes.99' 101
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1.21 Semi Conductor Light Emitting Diodes
Electroluminescence through charge injection under a high-applied field has been 
known in organic semi conductors for a while, with considerable level o f interest in 
their properties o f anthracene. Polymer light emitting diodes (PLEDs) 102' 105 
converting electrical current into visible light. The light-emitting device consists o f a 
conductive polymer film (the emissive layer) which fixed between a metal cathode 
and a transparent anode. Electrons are introduced via under an applied voltage at the 
cathode. Whilst at the anode electrons are removed to provide ‘holes’. Only when the 
electrons and holes are combined, excited states are produced that emit light upon 
relaxation to the ground state. The band gap o f the semi-conductor determines the 
wavelength o f light emitted. A range of colours are available for many different types 
of conducting polymers, the first blue106 PLED was fabricated from ppp107 which is 
not soluble in its conjugated form. Soluble substitutes o f PPPs have since been 
synthesized and high external electroluminescence quantum efficiencies were 
demonstrated others include blue-green for polyparavinylenes and yellow-orange- 
red polythiophenes. The advantages o f these PLEDs materials will boost a higher 
resolution compared with conventional display systems and the potential applications 
for PLEDs include televisions and mobile screens.
Current research into the potential application o f PPP is proceeding along entirely 
new direction by taking advantage o f some o f the unique optical and chemical 
properties o f the polymer. Leising and co-workers110 reported that pristine PPP made 
by ICI precursor method could not serve as the active layer in polymer-based, light 
emitting diodes with blue electroluminescence. Since then this has prompted 
examination o f the electro- and photoluminescent properties o f PPP made by differing 
methods as well as substituted PPP as means o f tuning the emission.111
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1.22 Sensors
Semi conducting polymer films can interact with foreign species via an external 
stimulus to produce a physical response. The recognition event can be selective and is 
usually the result o f a chemical binding effect. Such interactions include complexation 
with ionic binding with cationic/anionic species, metals and hydrogen bonding with 
complimentary systems. In many cases the semi-conducting polymer does require to 
be suitably functionalised and the recognition process can be reversible and extremely 
sensitive. The changes to the physical properties can be redox based (affecting the 
reduction o f the oxidation potential o f the material), chromic (colour) or a change in 
the conductivity o f the polymer. In the many cases the disruption to the planarity of 
the polymer backbone by the foreign species has a direct effect on the features 
highlighted earlier.
PPP has also been investigated as a use as a chemical sensing elements. Rubinson et 
1al. reported that modification electrodes decreased the overpotential o f oxidation 
for various biologically important molecules such as NADH (nictoinamide adenine 
dinucleotide, in the reduced form) and ascorbic acid, in water and methanol. They 
proposed that the characteristic potential changes observed with these in modified 
electrodes for various compounds might be useful in molecules.112
1.23 Field Effect Transistors
Field effect transistors, these devices are important components in computer chips and 
since the 1960s the use o f silicon has been extensive in the manufacture o f the high­
speed microelectronics. The field effect transistors are constructed o f a semi­
conductor sandwhich between a source and drain electrode. Once a voltage is applied 
across to a third electrode (gate electrode) a current is produced in the semi­
conducting material, which relative to the gate electrode. An advantage to the use o f 
conducting polymers is the low cost in manufacture as thin films on large surface area 
substrate in contrast to the inorganic semiconductors. As a consequence the 
commercial applications extend to inexpensive high volume products such as 
electronics bar codes, identification tags, anti-theft markers and smart cards.
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1.24 Recent Advances in Research
Electrically conducting polymers are extremely promising category of materials. 
Several applications have already been achievable and numerous others are going to 
be easily realised. 113,114 Recent work by De Paoli et al. describing the preparation 
properties and applications o f conductive polymer blends of polyaniline composites, 
and work115 reported by Foot et al. discuss the improved conductivities in emaraldine 
base form of polyaniline by using two different sulfonic acids dodecylbenzenesulfonic 
acid (DBSA) and / 7-toluenesulfonic acid (pTSA) . 116 While Brabec et al. discuss the 
use o f conjugated polymers based on photovoltic elements. The introduction o f cheap 
and easy to produce photovoltic energy from light. In the context o f organic 
photovoltic the polymer material combines the photoelectrical properties o f semi­
conduction with large scale but low technology plastic materials, and this is regarded 
as cutting edge. 117
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Chapter 2 Literature Review Molecular Modelling
2.0 Introduction to Theoretical Chemistry
The increased usage of computers in the past decade has made theoretical chemistry 
more accessible to the wider chemistry community. Not only have computational 
advances provided more affordable power but also software has been developed that 
can be used by chemists with little formal training. The technique o f molecular 
mechanics is now routinely being applied by computational chemists to find 
molecular equilibrium geometries and conformations. Commercial software has now 
been developed to calculate chemical properties, which compare well with 
experimental measurements.1
2.1 Molecular Mechanics
The objective o f a molecular mechanics (MM) calculation is to predict the energy 
associated with a given conformation of a molecule. In an MM calculation a molecule 
is represented as a ball and spring model. MM methods are restricted to the treatment 
of molecules as a function of their nuclear position in the ground state only and ignore 
the representation o f electrons. However, quantum mechanics (QM) techniques deal 
with electrons within molecules hence the calculations are more time consuming. This 
method will be discussed in more detail in a later section. The use o f quantum 
mechanics calculations is not only to interpret experimental data but also to 
supplement limited data.
The energy o f a molecule is calculated as the sum (i.e. force field) o f simple bonding 
and non-bonding interactions within a molecule. MM calculations are dependent on 
the type o f force field that is being used. It is this step that will define the specific 
energy terms Ej, E& Em E&, Ev^  Eeie and Ehb with accurate and specific parameters. 
Certain force field packages have been developed in last twenty years, e.g. Dreiding2, 
AMBER3, MM24, CHARMM5 and CVFF6 that have specific parameters for defined 
molecular groupings.
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2.2 Composition of a Force Field
Force fields are found to be useful for predicting structures and dynamics o f main- 
group inorganic molecules, biological and organic structures. Simple terms describe 
each distortion in the Dreiding2 force field. Valence interactions consist o f bond 
stretch (£/, two-body), bond angle-bend (Eg, three-body), dihedral angle torsion ( E m, 
four-body) and inversion terms ( E Clh four-body). The non-bonded interactions consist 
o f the following, van der Waals’ (E vctw), electrostatic (E eje)  and the explicit hydrogen 
bond (Ehb) functional terms. The latter term Ehb is mainly used for large structures 
such as biological molecules (protein and DNA) and also used in some generic 
molecular mechanic force fields such as Dreiding 2.212.
Equation 2.0
Eff — E l + E g  + E(0 + E(0 +  E vdw + Eele + Ehb
Where Eff is the total bonded and non-bonded energies (or the force field) o f a 
particular molecule. For the study within this thesis the Dreiding 2.212 force field is 
being used this is described later in this chapter.
2.3 Bonding Interactions: Bond Stretching
Where Ei is the energy function term for stretching a bond between two atoms in a 
molecule. The bond stretch function typically forces the bond close to its equilibrium 
value but the bond dissociates at longer bond lengths. The correct limiting factor for a 
bond stretch to infinity is the energy that converges to the dissociation energy.
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Figure 2.1 The bond stretching function
v \ \ v \  M < ►
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An accurate description o f this is the Morse potential, which is shown by the equation 
below.
Equation 2.1
De is the dissociation energy, a  is the force constant and /0 is the equilibrium bond
length. Many molecular mechanics methods use a simple harmonic function.
Equation 2.2
E, = Z . k , ( l - l j
The stretching force constant ki describes the deformation. Extended bond lengths 
prove to be problematic and the curve o f the graph becomes too steep, therefore there 
is no ideal representation o f the dissociation at very large deformations.
2.4 Bonding Interactions: Bond Angles
E q, describes the energy function term for the energy required for the angle formed by 
three bonded atoms. A harmonic function as with bond stretching can be used in the 
same way for bond angles.
Equation 2.3
Et = X k , ( 0 - 0 j
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Where ke is the force constant and #>, is the equilibrium value for the bond angle. 
Highly strained molecules must use higher order terms, as it is not possible to derive 
these higher order constants, they are derived from unstrained and acyclic molecules.
Figure 2.1 Bond angle term
e
2.5 Bonding Interactions: Dihedral Angles
Bond stretching and bond angle terms are regarded, as ‘hard’ degrees o f freedom and 
therefore a higher energy is required to cause a change in their reference values. It is 
the torsional and non-bonded interactions that have the most variations in energy 
contributions. The existence o f these barriers about a chemical bond is the key to 
understanding the properties o f molecules and their conformations.
Equation 2.4
Em =Z E w{l + 5Cos(«s7) }
E(lh is the function term used for the dihedral angle, where Vn is regarded as the 
relative rotational barrier, n the periodicity o f the rotation, when s = 1 this is the 
staggered minimum and when s = '  1 it is for an eclipsed minimum.
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Figure 2.3: Dihedral rotation function
2.6 Bonding Interactions: Inversion interactions
When an atom is bonded exactly to three others e.g. J, K and L it is often necessary to 
include an energy term that can both describe how favourable or difficult it is to force 
all the bonds into the same plane. The angle between the IL axis and the IJK plane is 
defined as the inversion term Ew (this is depicted in the diagram later).
Equation 2.5
E a =  c o s c o - c o s g >0)2
C is the force constant and co and coq is the equilibrium value for the angle and the 
angle o f the IL and the IJK plane respectively.
2.7 Bonding Interactions: Non-Bonded Interactions
The non-bonded interactions are dependent upon a specific non-bonding relationship 
between two atoms. These particular interactions are distant but dependent (through 
space) between atoms. The two usual non-bonding terms, are van der Waals’ and 
electrostatic and the third which is not often used is the hydrogen-bonding interaction. 
The van der Waals’ term represents the size parameter and also the electron 
correlation (this results in the instantaneous dipole interactions). The electrostatic 
interaction gives quantitative measurements o f polarity and the third hydrogen- 
bonding interaction is used for the improvement o f the accuracy o f the geometry o f  
the molecule being studied.
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2.8 Bonding Interactions: van der Waals9 Interaction
Many different functional forms have been used to describe the van der Waals’ 
interaction. However, the most common functional form being used is referred to as 
the Lennard-Jones(12-6) potential.
Equation 2.6
= 2>l(r. M'2 -2(rm /  r)6 J
Where e  is the well depth and rm the minimum energy interaction distance. The 
Lennard Jones functional form describes an attraction force that varies by f 6 and a
19repulsion force that also varies by the r term. Other functional forms have also been
19proposed for the van der Waals’ interaction, as the r term is too steep when it is at 
just less than the optimum distance. These short contacts are significant especially 
when a sterically crowded molecule is being investigated.
2.9 Bonding Interactions: Hydrogen Interaction
Not all molecular mechanic generic force fields use hydrogen-bonding terms as a part 
of the makeup for the calculation of the energies within a molecule. Many o f the force 
fields rely only upon van der Waals’ and electrostatic interactions, which reproduce 
hydrogen bonding. However, large molecular systems such as biological molecules 
(proteins and polynucleotides such as DNA, etc.) require the term to be used so as to 
provide a vital stability hydrogen-bonding function. This term is used to improve the 
accuracy, o f the geometry o f the hydrogen-bonded molecule, which is being studied. 
An explicit hydrogen-bonding term that is used is the Lennard-Jones(12-10) function. 
Equation 2.7
Em = Z fo  / r " ) - ( E u Ir™)
Where is the C is the coefficient o f f 12 in the Lennard-Jones function and similarly E 
is the coefficient o f f 10.
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Figure 2.4: Non-bonded energy terms
2.10 Bonding Interactions: Electrostatic Interaction
Another non-bonding interaction in relation to the molecular mechanics method is the 
electrostatic interaction. Some elements are more electronegative than others and this 
provides an uneven balance o f charge across a molecule. This charge distribution can 
be illustrated as an arrangement o f fractional points throughout the molecule. It is 
these points that are used to define the partial atomic or the net atomic charges, which 
are charges that are restricted to the nuclear centres, and that can reproduce 
electrostatic properties throughout the molecule. The sum o f the interactions between 
pairs o f point charges can be calculated by using Coulomb’s law.
Equation 2.8
Eei = 'Z qiqj /D rij
Where qt and qj are the partial charges on the atom centres, D is the dielectric constant 
value appropriate to a given solvent or it may be proportional to the distance rX] 
between the charges.
2.11 Dreiding Force Field
The Dreiding force field developed by Mayo et al? is an all-purpose force field that 
can be used for structure prediction and dynamics calculation o f organic, biological 
and main group inorganic molecules. Its primary advantage is its robustness as it can 
be used for molecules with various elements present within the molecular structure.
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The force field constant and geometry parameters are based on hybridisation and not 
specific combinations o f atoms. The Dreiding force field allows for reasonable 
predictions for much larger structures, with novel combinations o f elements and with 
very little or no experimental data, unlike specialised force fields it is more accurate 
for predicting a limited number o f structures. Dreiding atom typing is indicated by 
five characteristics:
1. the first two characteristics are the elemental symbol {e.g. C for carbon and Br for 
bromine;
2 . the third characteristic represents the hybridisation state {e.g. example 1 =linear, 
sp1, 2 and R = an sp2 atom involved in resonance);
3. the fourth indicates the number o f implicit hydrogen atoms {e.g. C_R2 is a 
resonant carbon with two implicit hydrogens); and
4. the fifth is reserved to show other special characteristics {e.g. H_A denotes a 
hydrogen atom that is capable o f forming a hydrogen bond. The Dreiding force 
field uses a prescribed set o f equations to generate the force field parameters for 
bond, angles, dihedral, inversion, van der Waals and the electrostatic energy 
terms. The equations are reported within a paper by Mayo et al.2.
2.12 Generating a Representative Molecular Structure
When a model has been generated by a z-matrix o f internal co-ordinates or from 
standard molecular fragments the energy obtained from the molecular mechanical 
calculation is too high. The energy o f a molecule can be described from the co­
ordinates that have been input to the applied force field. A minimisation routine is 
then applied to the molecule, by adjusting the molecular geometry, which then lowers 
the value o f the potential energy surface. Energy minimisation is usually carried out 
by gradient optimisation. The first derivative o f the energy (the gradient) indicates 
where the minimum lies and the magnitude o f the gradient indicates the steepness o f 
the local slope. The second derivative method indicates the curvature o f the function, 
information that can be used to forecast where the function will change direction (pass 
through a minimum or another stationary point). Many minimisation methods require 
first (dE/dr =0) and second (d2E/dr2=0) derivatives o f the energy, however the fomer 
case is more convenient and the potential functions are easier to differentiate. In the
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next three sections descriptions o f the more common minimisation methods which are
7 0being used more frequently in molecular mechanical calculations are presented.'
2.13 Energy Minimisation: Steepest Descents
Steepest-Descents, 10 (SD) is one o f two types o f first order derivative methods, being 
used as minimisation algorithms. Both o f these methods work towards gradually 
changing the co-ordinates o f the atoms as they move the system closer and closer to 
the minimum point.
With the SD method a series o f function evaluations is performed in the negative 
gradient direction i.e. d = -g. Where g is the gradient o f the first derivative and d is the 
de-excitation operator. If an increase in the function starts to occur an approximate 
minimum can be determined, for example by interpolation between the last three 
points. At this interpolation point a new gradient is calculated and used for the next 
line search. If the line minimisation is carried out satisfactorily it will always lower 
the function value and guarantee to approach a minimum. However, there are two 
problems with this method, firstly two line searches could be perpendicular to one 
another. Secondly, if  there was a gradient component along the previous search 
direction, the energy could then be further lowered in this direction. Hence, there is a 
likelihood for each line search to partly spoil the function lowering obtained by the 
previous search. The SD path fluctuates around the minimum path (see figure on the 
following page). Also, as soon as the minimum is approached the rate o f convergence 
slows down.
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The SD will never reach the minimum, but move more slowly towards it. A major 
defect o f SD is overcoming local minima.
Figure 2.5: Utilisation of Steepest Descents to the function of x2 = 2y2
Y
2.14 Energy Minimisation: Conjugate-Gradients
Unlike the SD method which partially reverses the previous step, Conjugate-Gradients 
(CG) tries to overcome this by executing each line search not along the current 
gradient, but instead a line constructed so it is conjugate to the previous search 
direction(s). The first step is identical to that o f the SD method, but after that the 
searches are performed along a line which is a mixture o f the current negative 
gradient and the previous search direction.
Equation 2.9
di = - g + M - i
Where the (3 value is the scalar constant and there are several ways o f choosing it. 
Names related to this method are Polark-Ribiere and Fletcher-Reeves.
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Equation 2.10
Polark-Ribiere algorithm as;
j^ TR _  8 / (§/ ~ S/-1 )
g,'-igw
Equation 2.11
Fletcher-Reeves algorithm as;
pm  = _ M j _  
g,-ig/-i
CG methods have much better convergence characteristics than the SD, but they too 
are only able to find the local minimum. CG methods require more storage than the 
SD as the previous gradient must also be saved.
2.15 Energy Minimisation: Newton-Raphson
Newton-Raphson (NR) is a second derivative method. Second order methods use the 
first derivative (i.e. the gradient) and the second derivative to find the minimum. 
Second derivatives provide information about the curvature o f the function. NR 
methods find the minimum in one step from any point on the surface. However, the 
surface is only quadratic to a first approximation and therefore a number o f steps will 
be required, at each o f which the Hessian matrix must be calculated and inverted. The 
Hessian matrix must be positive definite in a NR minimisation. A positive definite 
matrix is one for which all eigenvalues are positive. If this does not arise then the NR 
method moves to points (e.g. saddle points) where the energy increases. This can be 
computationally demanding for systems with many atoms and can also require a 
significant amount o f storage. Hence, the NR method is more proficient with small 
molecules (usually < 1 0 0  atoms or so).
2.16 Introduction to the Use of Quantum Chemistry Methods
Aspects o f molecular structure and dynamics can be modelled using classical methods 
in the form o f molecular mechanics and dynamics. The classical force field is based 
upon empirical results averaged over a large number o f molecules. Unfortunately, this
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averaging o f the results can be good for large systems, but structure potential cannot 
be addressed completely just by the empirical approach. To understand and gain more 
knowledge about the structure and its properties that are derived from the potential 
energy surface, especially to those that are dependent upon the electron density 
distribution, then a more fundamental and general approach is needed /.e.‘quantum 
chemistry’.
2.17 The Schrodinger equation
The energies and wave functions o f stationary states o f a system are given by the 
solution o f the Schrodinger equation11:
Equation 2.12
1TF = E'F
Where, ¥  is the Eigenfunction, E corresponds to the Eigenvalues o f the Hamiltonian 
operator H. In this equation the Hamiltonian operator gives the kinetic and potential 
energies o f a system o f atomic nuclei and electrons. This is analogous to the classical 
kinetic energy o f the particles and the Coulombic electrostatic interactions between 
the nuclei and electrons. The Hamiltonian operator is composed o f three different 
parts: the potential energy o f the nuclei and electrons Ven , the kinetic energy o f the
nuclei 7), and the kinetic energy o f the electrons Te.
Equation 2.13
A /V /V /V
H  = Tn+Te + Vej,
Four approximations are commonly assumed:
1) time independence; observations o f the states that are stationary with time;
2 ) neglect o f the relativistic effects; this is justified but the only exception is when the 
electrons approach the speed o f light;
3) Bom-Oppenheimer approximation; separation o f the motion o f the electrons and 
nuclei; and
4) orbital approximation, the electrons are confined to certain locales o f space.
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2.18 The Born-Oppenheimer approximation
19The Bom-Oppenheimer approximation makes a suggestion that the nuclear Xn and 
electronic wavefunctions 9Je are separated, the total wavefimction being a product of
the two.
Equation 2.14
¥  = v  H*A e.n A. n ‘ e
In order to understand this, the assumption that the electrons are lighter than the nuclei 
and that their motion can be more easily followed than that o f the nuclear motion must 
be made. The approximation then leads to the conclusion that the nuclei therefore do 
not move and this leads to an ‘electronic’ Schrodinger equation. Although with the 
Bom-Oppenheimer approximation, the Schrodinger equation is not solvable for more 
than a single electron and therefore additional approximations are needed.
2.19 Hartree-Fock Approximation
All o f the modem orbital computational methods (ab initio or ‘from first principles’ 
and semi-empirical) make use o f the Hartree-Fock (HF) 13 approach to approximating 
the molecular wavefimction. The variation theorem provides a mechanism for the 
states o f energy calculated from an approximation to the true wavefimction, which 
will be greater than the true energy. The best wavefimction is obtained when the 
energy is at a minimum.
Once at the minimum, the first derivative o f the energy, 6 E is at zero. The HF 
equations are attained by imposing this condition on the expression o f energy, 
dependent on the constraint that the molecular orbitals remain orthonormal detailed 
below. Each electron possesses a spin quantum number o f 54. In the presence o f a 
magnetic field there are two possible states, relating to the alignment opposite or 
parallel to the field. The spin functions are denoted as a and p, and obey the following 
orthonormality conditions (i.e. if  two electrons occupy a given molecular orbital they 
must be o f opposite spin).
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Equation 2.15
(a \a)  = (p \p )  = \ 
(a \p )  = {/}\a) = 0
The HF model is therefore a branching point, it can either be improved upon by using 
additional determinants, generating solutions that can made to converge towards the 
exact solutions o f the electronic Schrodinger equation (referred to as the ab initio 
approach), or additional approximations can be made leading to semi-empirical 
methods.
The total electronic wavefimction must be antisymmetric (change spin) with respect to 
the interchange o f any pair o f electron coordinates. The Pauli principle14'15, states that 
two electrons cannot posses quantum numbers that are equal, and this is a direct result 
o f the antisymmetry requirement.
The antisymmetry o f the wave function can be accomplished by building it from the 
Slater determinants (SDs)15'16. A Slater determinant is given as;
Equation 2.16
Where, O is the SD or approximate wavefimction and for the general case given, N  is
infinitesimal variation. The columns in the SD are single electron wavefimction 
orbitals, while the electron coordinates are along the rows. The assumption being 
borne out o f the SD equation is that there are no interelectronic terms in the potential 
energy function with regard to the electronic Schrodinger equation as they are 
negligible. Hence, each electron is considered to be moving within the field o f the 
fixed nuclei and all other n-1 electrons using the variation method. The resulting 
molecular orbitals (MOs) are derived from their own effective potential, the method is 
regarded as the Self-Consistent Field (SCF) theory. A trial solution to the Hartree- 
Fock eigenvalue equations is obtained. These are used to calculate the exchange 
operators and Coulombic integrals. Once the HF equation is solved, it gives a second
m  m  M )  
m )
A m  a w  * * m
the number o f electrons and N  spin orbitals, <j> is the molecular orbital and 8  is the
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set o f solutions, which are then used for the next iteration. Thus the SCF method 
progressively refines the individual electronic solutions that relate to lower and lower 
total energies until a point is reached and the results for all the electrons are 
unchanged, and therefore are said to become self consistent.
2.20 Linear Combination of Atomic Orbitals LCAO 
approximation
A direct solution o f the Hartree-Fock equations is not ideal for molecules and 
therefore it is appropriate to take an alternative approach. The assumption that the 
one-electron solutions for many electron molecules will nearly resemble the (one- 
electron) solutions for the hydrogen atom. In practice one writes each spin orbital as a
i nlinear combination o f single electron (atomic) orbitals referred to as a basis set. 
These are prescribed functions are known as basis functions;
Equation 2.17
K
v,  = Z
v  =  1
Where, is a linear combination o f the K basis functions, (this is described in the 
following section) and is simply assumed to be the set o f K molecular orbitals located 
at the nuclei. Xu is referred to as the basis functions and often corresponds to the 
atomic orbitals, % is the molecular orbital coefficients. The expansion o f the 
wavefunction in terms o f the basis functions leads to the limitations o f the accuracy o f 
the ab initio HF approach due to the limited number o f basis functions available. The 
limit o f an infinite basis set is called the Hartree-Fock Limit15.
The HF equation can be rewritten as:
Equation 2.18
V V
Where s  is the energy matrix and the elements o f the overlap are;
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Equation 2.19
S „  ={<Pn\<P,) = {M\v)
Whilst, the elements o f the Fock matrix are:
The S matrix contains the overlap elements between functions, whilst the F matrix has 
the Fock matrix elements. In the equation P is the density matrix:
Equation 2.20
= { m\ f \v ) = ( m  |^v} + j ( H vcr)]
X,cr
Equation 2.21
occ
PjLa = ^ ^ j CiXCia
P is called the density matrix, the elements o f which involve the square o f the MO 
coefficients, which are summed over all occupied MOs.
2,21 Basis Sets
The set o f one-electron wavefunctions used to build molecular orbital wavefunctions 
is called the basis set. In small and highly symmetric systems like atoms and diatomic 
molecules the HF equations can be solved by mapping the orbitals on to a set o f grid 
points (this is called numerical HF methods15). However, all calculations use basis set 
expansion to determine the unknown molecular orbitals in conditions o f a set o f 
known functions. There are two guidelines in choosing the basis ftmctions: 1) the 
chosen ftmctions should be able to calculate the waveftmction well enough to be 
meaningful to the respective molecule and 2) the basis set should lead to all the 
required integrals relatively easilyf/^  and ■v>- Several types o f basis set have been 
investigated, but two have played a major part, the first being Gaussian type orbitals 
(GTO)15"18 and the second called Slater-type orbitals (STO)19.
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Gaussian type orbitals can be written as:
Equation 2.22
Z M * (r ,0 ,p )  = NY, m (0, <p)r(2n~2~'^ e~(r‘
GTO are written in terms o f polar and cartesian coordinates. Gaussian orbitals are 
mathematically simpler than STOs, and less accurate.19
STOs are the most common type o f such wavefunctions. The equation below 
describes the functional form:
Equation 2.23
ZM ^ r , 0 , p )  = N,Y^(0,<p)r'-le-*
N  is the normalization constant and 7/,m are the usual spherical harmonic functions. 
The exponent ensures a rapid convergence with increasing number o f functions. Both 
STOs and GTOs can be chosen to form a complete basis, however with the 
knowledge that it requires more GTOs for achieving a certain accuracy compared 
with STOs. A guideline would be three times as many GTOs as STOs required for 
reaching a given level o f accuracy. The increase in number o f basis functions 
however, is more than compensated for by the efficiency, GTOs are therefore 
preferred ideally in electronic structure calculation. All applications take the GTOs to 
be centred at the nuclei. STOs are ideally used for atomic and diatomic molecules and 
in semi-empirical methods where all three and four centred integrals are neglected.20
Figure 2.6: Double Zeta basis allows for different bonding in different directions.
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However, the accuracy o f STOs can be improved by combining two or more STOs 
(with two different values o f ), into a single one-electron wavefunction (i.e. 
double C, (zeta), DZ basis set). A DZ basis thus employs two s-functions for hydrogen 
(Is and Is’) for the first row elements and six s-functions and four p-functions for 
second row elements.
The importance o f a DZ basis over a minimum basis is that it can be readily be 
illustrated by the bonding o f HCN (see Figure 5). The C-H bonds will primarily 
consist o f the hydrogen s-orbital and the pz orbital on C. The 7t-bond between N and C 
consists o f the px and also the py orbitals o f N and C. The 7i-bond has more o f a diffuse 
electron distribution than the C-H cr-bond. Therefore, the optimum exponent for the 
carbon p-orbital will be smaller for the x-direction than for the z-direction. If a single 
set o f p-orbitals is present a compromise is made. A DZ basis however has two sets of 
p-orbitals with different exponents. Hence, the tighter function can enter the C-H a  
bond with a large coefficient, while the more diffuse function can enter the C-N 71-  
bond. Doubling the number o f basis functions allows for a much better description of 
the fact that electron distribution is different in different directions.
2.22 Introduction to Semi-Empirical Methods
The greatest amount o f time required to perform an ab initio Hartree-Fock SCF 
calculation is spent in calculating and the manipulation o f the integrals. Hence the 
most obvious way to reduce computational resources is to in effect neglect or 
approximate some o f these integrals. Semi-empirical (SE) methods achieve this in 
detail and consider only the valence electrons o f the systems, the core electrons are 
included into the nuclear core. Ab initio calculation can be more expensive in 
computing resources. Even though computer hardware has easy-to-use programs, and 
these have made ab initio methods a viable computational tool. The approximate 
quantum mechanic methods require less computing resources. However, many o f 
these approximate quantum mechanic methods are no longer used in their original 
form. Pople and Dewar21 developed the approximate quantum mechanic or semi- 
empirical methods CNDO22, INDO23 and NDDO24, which are rarely used today in 
their original format but have been used for the basis o f the work by Dewar et al. 
resulting in the more popular MINDO/325'26 MNDO27 and AMI28 methods.
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For an ab initio calculation all the elements o f the Fock matrix are calculated using 
the following equations.
Equation 2.24
F= SCE
Z/UG‘v|AxT)-hfiA,|va)]
X=\  a = l
N I 2
= ^ ^ j CX,Cui 
7=1
1  M
H 7  = \ d v ^ { \  - - v 2 - I t
j 2  A = \  ,
Where, F is the Fock matrix, S the overlap matrix, C is the matrix for the basis 
functions coefficients and E is the matrix orbital energies. This argument does not 
take into account whether the basis functions o ,^ ov, 0 ,^ and 0O are on the same atom 
or other atoms that are bonded formally or atoms that are non-bonded. In discussing 
semi-empirical methods it is necessary to consider the Fock matrix elements which 
are divided into three groups F^ v where (op and ov are on the same atom); F^ v (op and 
ov are on different atoms) and Fpp are the diagonal elements. As mentioned in the 
previous section {ab initio HF SCF) is exhausted by the calculation and manipulation 
of the integrals. Hence, the only way to reduce the computational effort is to neglect 
or approximate some o f these integrals. Semi empirical methods do so in part by 
explicitly including the valence electrons o f the system, whilst the core electrons are 
included into the nuclear core. The reason behind this approximation is that the 
electrons involved in chemical bonding and other phenomena are those in the valence 
shell. The semi-empirical calculations use basis sets o f the Slater type s, p and 
sometimes d. The orthogonality o f such orbitals enables further simplifications to be 
made to the equations. A common feature in all semi-empirical methods is the 
overlap matrix S that is set equal to the identity matrix, I (unit matrix).
The assumption o f the semi-empirical methods is the zero differential overlap (ZDO) 
approximation, that neglects all products o f basis functions depending on the same 
electron coordinates when located on different atoms. It important to state that it is the
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product o f the functions on the different atoms that is equal to zero and not the 
integral over such a product.
This proposes the following
1) the overlap matrix is reduced to a unit matrix;
2) one electron integrals involving three centres (two from a basis function and one 
from the operator) are set to zero; and
3) all three- and four-centre two-electron integrals, which are the most numerous of 
the two-electron integrals, are neglected.
Several types o f approximate molecular orbitals have been formulated and improved 
upon over time. The semi-empirical methods were developed within the two research 
groups o f Dewar and Pople. Pople’s group generated the CNDO, INDO and NDDO 
methods and provided the basis for the work produced by Dewar’s group that resulted 
in the MINDO/3,25-26 MNDO27 and AMI28 methods.
2.23 Semi-Empirical Method:Austin Model 1
The Austin Model 1 (AMI28) produced by Dewar and co-workers was a method 
designed to remove the problems with MNDO which are thought to be due to the 
tendency to over estimate repulsion between atoms separated by the distances 
approximately equal to the sum o f the van der Waals’ radii. An adopted stratagem was 
to modify the core terms using Guassian functions; a repulsive Gaussian function 
centred at smaller intemuclear separations and an attractive Guassian were designed 
to overcome the repulsion and were centred in the region where the repulsions were 
being too large.
The modified expression for the core-core term was related to MNDO expression by; 
Equation 2.25
V„(AB)=V“m0( A B ) = + ^ f i - |  2A a,<*p[-I'a,<Ra.-M a1)! ]+Z k b, e*p[-K ,  < R „ M „ ,  f  ]J
The additional terms were spherical Gaussian ftmctions with a width determined by 
the parameter L. The K  and M parameters were optimised for each atom. In the 
original parameterisation o f AMI, four terms in the Gaussian expansion for carbon, 
three for hydrogen and nitrogen and two for oxygen were used. Attractive and
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repulsive Gaussians were used for carbon, nitrogen and hydrogen atoms, but only 
repulsive Gaussians for oxygen. Including these Gaussians significantly increased the 
number o f parameters per atom, 7 in MNDO and 13 to 16 per atom in AMI. This
9 o
makes the parameterisation process considerably more difficult. AMI is a 
significant improvement on MNDO and the deficiencies associated with the core 
repulsion were corrected.
2.24 Semi-Empirical Method: Parametric Method Number 3
Parametric method Number 3, (PM3) is based on MNDO.27 The Hamiltonian in PM3
9 o
contains the same elements as AMI. The parameters for the PM3 model were 
derived using an automated parameterisation45. In contrast many o f the parameters in 
AMI were obtained by application o f chemical knowledge. As a result some o f the 
parameters have significantly different values in AMI and PM3, while both methods 
use identical functional forms and they predict various structural and thermodynamic 
properties approximately to the same level o f accuracy. However, with PM3 a 
problem arises with the rotational barrier o f the amide bond, which is much too low, 
and sometimes non-existent. This problem can be corrected through the use o f an 
empirical torsional potential.
A number of common limitations to MNDO, AMI and PM3;
1) MNDO27, AMI28 and PM328 have parameters for some metals, these are often 
based on only a small amount o f experimental data. Calculations involving metals 
should therefore be treated with care. The sets o f parameters for PM3(tm) are 
determined exclusively from X-ray data, as there are few reliable energetic data 
available on transition metal compounds.
2) The bond length to nitrosyl groups in underestimated, the N-N bond in N2O3, for 
example, is ~0.7A is too short.
3) Rotational barriers for bonds, which have part double bond character are 
significantly too low. This is especially a problem for the rotation around the C-N 
bond in amides, where values o f 5-10 kcal/mol are attained. For this purpose a ‘fix’ 
has been made for amides by adding a force field rotational term to the C-N bond, 
which raises the value by 20-25kcal/mol so as to bring it in line with the experimental 
data. Similarly, the barrier rotation around the central bond in buta-l,3-diene is
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calculated to be 0.5-2.0 kcal/mol, but the experimental value is 5.9 kcal/mol.29’
4) Weak interactions such as van der Waals’ hydrogen bonds and complexes are 
poorly predicted. Either the minimum geometry is wrong or the interactions are too 
weak.
2.25 Koopmans1 Theorem
The energy that is required to remove an electron to give the ion can be equated with 
the energy o f an electron in an orbital. However, there are two important provisos 
with experimentally determining ionisation potentials. Firstly, the orbitals in the 
ionised state are assumed to be the same as in the unionised state; they are frozen. 
This fact neglects that the orbitals in the ionised state will be different from those in 
the unionised state. The energy of the ionised state will tend to be higher than it 
should be. Secondly, the Hartree-Fock method does not include the effects o f the 
electron correlation. The correction due to the electron correlation would be expected 
to be greater for the unionised state than for the ionised state as the former has more 
electrons. The effect o f the electron correlation often opposes the effect o f the frozen 
orbitals, resulting in many cases in good agreement between experimentally 
determined ionisation potentials and calculated values. Koopmans’ theorem30 suggests 
highest occupied molecular orbital (HOMO) relates to the first ionisation potential 
and that the lowest unoccupied molecular orbital (LUMO) is related to the electron 
affinity. It therefore possible to determine theoretically the correlated energy gaps 
between the HOMOs and LUMOs of the molecules being studied in this project using 
MOPAC6  program.30'32
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2.26 MOPAC6
In order to study the electrical conductivities and other physiochemical information, 
the semi-empirical molecular orbital MOPAC6 33 program will be used on the 
molecules for this study.
MOPAC: summary o f capabilities
1. MNDO, MINDO/3, AMI and PM3 Hamiltonians;
2. Unrestricted Hartree-Fock (UHF) and Restricted Hartree-Fock (RHF) methods;
3. A wide scope o f configuration interactions
a. 100  configurations
b. Singlets, Doublets, Triplets, Quartets, Quintets and Sextets;
c. Excited states and
d. Geometry optimization, on specific states.
4. Geometry optimization;
5. Single SCF calculation;
6 . Gradient minimization;
7. Reaction path co-ordinate calculation;
8 . Normal co-ordinate analysis;
9. Transition state location;
10. Force constant calculation;
11. Dynamic reaction co-ordinate calculation;
12. Localized orbital;
13. Covalent bond orders;
14. Bond analysis into sigma and p i contributions;
15. One dimensional polymer calculation;
16. Intrinsic reaction co-ordinate calculation;
17. Transition dipole calculation and
18. Thermodynamic properties calculation
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2.27 Boundaries
The accurate treatment o f boundaries and boundary effects is important to simulation 
methods, because it gives the means to calculate (e.g. macroscopic properties) from 
simulation using relatively small numbers o f molecules. Periodic boundary 
conditions, in which the atoms experience forces as if they were in bulk fluid, a 
simulation using only small number o f atoms. Shown in Figure 6 on the following 
page, is a two dimensional cubic box, o f particles which are replicated in all 
directions, to give a periodic arrangement.
If a number o f atoms leave the box, they are replaced by the same number that enters 
from the opposite side.34
Figure 2.7: Periodic Boundary conditions in two dimensions.
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2.27 Conclusion
The Schrodinger’s equation addresses the following; where the nuclei and electrons of 
a molecule are in space, (i.e. configuration, conformation, size and shape). Under 
given predetermined conditions, it can address the problem o f what their energies are 
(i.e. heats o f formation, conformational stability, chemical reactivity, spectral 
properties, etc.). The Schrodinger’s equation for molecular systems can only be 
solved approximately. The approximation methods are ab initio and semi-emipirical, 
where the semi-empirical methods use parameters and neglect some o f the consuming 
mathematical terms within the Schrodinger’s equation and ab initio includes all such 
terms. Quantum mechanical methods are based on the following principles in the 
distinction o f the nuclei and electrons being studied. The electron-nuclear interactions 
are explicit and the electron-electron interactions are usually averaged. The 
interactions are governed by nuclear and electron charges (i.e. potential energy) and 
electron motions. The interactions then determine the spatial distribution o f the nuclei 
and electrons and their energies. The practical differences are described below.
Ab initio
This method is limited to tens o f atoms and is ideally performed on supercomputers. 
The application can be used for organics, organometallics and molecular fragments 
(e.g. catalytic components o f an enzyme). The environment can be either a vacuum or 
a solvent. This method is ideally suited to studies o f ground, transition and excited 
states (specific methods). Specific implementations include GAMESS and 
GAUSSIAN.
Semi-empirical
This method is limited to hundreds o f atoms. The application can also be used for 
organics, organometallics and small oligomers (peptides and nucleotides), but also 
studies o f ground, transition and excited states (specific methods). Specific 
implementations include MOP AC, AMP AC, and ZINDO.31'33
The study within this project uses Cerius2 (Versions 2.0 and 4.0). Molecular 
mechanics with Dreiding 2.212 as the applied force field was used not only for
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minimisation and also to investigate the crystal states o f the systems o f interest. 
Whilst, MOP AC Version 6  a semi-empirical method was used to study the molecular 
orbitals within the free state.
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Chapter 3 Molecular Mechanics Results and Discussion
3.0 Results and Discussion of the Molecular 
Mechanical Studies on Poly(p-phenylene) with various 
substituents
Within this section the modelling work involved the use o f the following programs
ry I
Cerius V 2.0 and V 4.0 supplied by MSI . The work was carried out on a Silicon 
Graphics Indigo RS4600 with 4 processors running at 150 MHz.
A detailed discussion on molecular mechanics is described in chapter 2 o f this thesis. 
This study makes comparisons with previous results obtained with unsubstituted 
poly(p-phenylene)s and continues to develop the methodology for calculating the 
structure and properties that will be applicable to conductive organic polymers. 
Further optimization studies involving the /?-terphenyl cross-linked with a molecule o f 
adipic-dihydrazide (ADH). The additions o f carboxyl and methylketones substituted 
groups are placed on the specific sites o f p-quaterphenyl systems and observations on 
the their systems will be discussed towards the end o f the chapter. Experimental data 
for p-terphenyl and /7-quaterphenyl from X-ray Crystallography were taken from the 
Cambridge Crystallographic Database.2 ,3
3.1 Molecular Mechanical Modelling o f poly(p-phenylene) and 
various substituted poly(p-phenylene)s
The Cerius V 2.0 and V 4.0 packages have been used to construct a 3-dimensional 
gas phase system. 1 Atomic partial charges were calculated using the Gasteiger method 
and the QEq_neutral 1.0 charge equilibration method.4 The molecules were then 
minimized using the Dreiding 2.21 force field,5 and the conjugate-gradient6 energy 
minimization algorithm used with a RMS force o f 0.004 kcalmol'1. All bond lengths, 
angles, torsions, connectivity and energies o f optimisation have been recorded, some 
are depicted Tables 3.2 through to 3.7 with the remaining appearing in the Appendix. 
It is important to note that the z-matrix numbering system for the Cerius2 1 
minimisation methods is specific, while the numbering system for the molecule 
obtained from the Chemical Structural Database will not correspond in their 
numbering systems.
60
Chapter 3 Molecular Mechanics Results and Discussion
Table 3.1 Displays the specific substituents (R) used in the investigation
/  — c h 3 X
/\ / X V Br / X o .
,c .
< / s , \ c h 3
The bond lengths, angles and torsions o f the unsubstituted and substituted poly(p- 
phenylene)s can be compared with the geometries o f the reported structure by 
Rietveld et al.2
Figure 3.1 Illustrates the 3-dimensional structure of p-terphenyl displayed on the 
Cerius2 package with the Dreiding 2.21s force field and minimized with no partial 
charges applied across the system being used for this study.
J,
17 ■ '  32
Within this chapter several differently substituted poly(p-phenylene)s will be 
illustrated along with their geometries being discussed (including those that are not 
illustrated). The optimisation geometries and energies o f these systems for each o f the 
latter systems are found in the Appendix.
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Table 3.2 Z-matrix information of the bond lengths, angles and torsions for the 
unsubstituted poly(p-phenylene) reported by Rietveld et al. (refcode TREPHEN01)2
Atom Bond/length
(A)
Bond/Angle
(°)
Bond/Torsion
n
Connectivity
C1 i
C22 1.50 C1
C23 1.41 120.53 C22 C1 ]
C25 1.40 121.30 179.5 C23 C22 C1
C29 1.40 121.37 -0.7 C25 C23 C22
C32 1.49 121.97 -179.4 C29 1  C25 rc23
C33 1.40 121.24 -179.7 C32 C29 C25
I C35 1.41 121.60 179.6 C33 I C32 | C29
C39 1.40 120.00 2.4 C35 C33 C32
C37 1.40 118.91 -3.0 C39 rc35 C33
I C34 1.41 120.86 -179.5 C32 C29 C33
H38 1.10 126.06 170.8 C34 C32 C37
H41 1.09 116.64 179.4 C37 |~C39 C34
j H42 1.10 121.52 -172.4 C39 C35 C37
H40 | 1.07 123.66 -175.3 C35 C33 C39
| H36 0.99 126.32 178.9 C33 I C32 C35
LC27 1.40 117.83 179.0 fC29 C25 C32
C24 1.40 122.37 178.0 C22 f c i C23
H28 I 1.07 115.95 -175.5 C24 | C22 fC27
H31 1.03 122.27 -178.2 C27 C29 C24
H30 1.08 113.84 171 C25 C23 | C29
H26 0.96 119.33 -179.9 C23 rc22 C25
C5 1.41 120.53 180 C1 fC22 COCMo
C6 n .40 121.30 -179.5 C5 1 C1 C22
C7 1.40 121.37 0.7 I C6 C5 C1
C10 1.49 121.97 179.4 C7 I C6 C5
C4 1.40 121.24 179.7 C10 C7 C6
C3 rr.41 121.60 -179.6 C4 C10 iC7
C2 1.40 120.00 -2.4 C3 C4 C10
C12 1.40 118.91 3.0 C2 C3 C4
C11 | 1.41 120.86 179.5 C10 C7 j C4
H20 I 1.11 126.06 -170.8 C11 C10 C12
H21 1.09 116.64 -179.4 C12 C2 | C11
H13 fTTo 121.52 172.4 C2 C3 C12
H14 1.07 123.66 175.3 C3 C4 I C2
H15 0.99 126.32 -178.9 C4 C10 | C3
C8 1.40 117.83 -179 C7 C6 C10
C9 1.40 122.37 -178 C1 C22 C5
H19 1.07 115.95 175.5 C9 C1 C8
H18 1.03 122.27 178.2 C8 C7 C9
H17 1.08 113.84 -171 C6 C5 C7
H16 0.96 119.33 179.9 C5 C1 C6
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Table 3.3 Showing the energy of the unsubstituted p-terphenyl after energy 
optimization with no partial charges applied across the molecule.
Energy Decomposition kJ mol'1
Valence Terms Nonbond Terms
Bonds: 30.54 van der Waals : 37.21
Angles: 13.11 Electrostatic : 0.238
Torsions: 3.07x1c4
Inversions: 2.78x1c6
The above table shows that most o f the strain energy in the energy in the molecule is 
located in the van der Waals interactions (37.21 kJ mol'1) indicating that there is steric 
hindrance between the neighbouring hydrogen atoms o f the phenyl rings. Energy 
minimisation is only able to remove this steric clash by twisting the torsion angles 
between the rings. This twist is visible in Figure 4.1 below.
Figure 3.2 Illustrates the p-terphenyl rings system with a (-C=0)l substituent.
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Table 3.4 Z-matrix information of the bond lengths, angles, torsions and connectivity 
calculated for the cerius2 modelled unsubstituted p-terphenyl.
Atom Bond/length
(A)
Bond/Anglen Bond/Torsionn Connectivity
C7
C13 1.44 C7
C15 1.42 123.12 C13 C7
C17 1.41 123.12 -179.9 C15 C13 C7
C19 1.42 123.12 0.00 C17 C15 C13
C25 1.44 123.12 179.9 C19 C17 C15
C27 1.43 122.69 0.00 C25 C19 C17
C29 1.41 122.92 -180 C27 C25 C19
C31 1.40 120.12 0.00 C29 C27 C25
C33 1.40 119.30 0.00 C31 C29 C27
C35 1.43 122.69 -180 C25 C19 C27
H36 1.02 122.14 -180 C35 C25 C33
H34 1.02 119.70 180 C33 C31 C35
H32 1.02 120.35 180 C31 C29 C33
H30 1.02 120.17 180 C29 C27 C31
H28 1.02 122.14 180 C27 C25 C29
C21 1.42 113.75 -180 C19 C17 C25
C23 1.42 123.13 -180 C13 C7 C15
H24 1.02 121.68 -180 C23 C13 C21
H22 1.02 121.68 180 C21 C19 C23
H18 1.02 115.19 180 C17 C15 C19
H16 1.02 121.69 180 C15 C13 C17
C5 1.43 122.69 0.00 C7 C13 C15
C3 1.42 122.92 179.9 C5 C7 C13
C1 1.40 120.13 0.00 C3 C5 C7
C11 1.40 119.29 0.00 C1 C3 C5
C9 1.43 122.69 180 C7 C13 C5
H10 1.02 122.14 180 C9 C7 C11
H12 1.02 119.70 1 U 00 o C11 C1 C9
H2 1.02 120.35 180 C1 C3 C11
H4 1.02 120.17 ■ CO o C3 C5 C1
H6 1.02 i 122.14 -180 C5 C7 C3
The bond lengths, angles torsion and connectivity o f the model (Table 3.4) agree 
closely with the experimental data (Table 3.2) indicating that the model is a good 
representation o f the structure.
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Figure 3.3 Depicts a 3-dimensional view of the substituted p-terphenyl with a -{C=0)CI 
substituent, using the Dreiding 2.215 force field and energy minimized with a zero 
partial charge applied across the system to a gradient of 0.004 kJ mol'1.
The p-terphenyl possessing -(C=0)C1 a substituent in the ortho position o f the system 
depicts a small number o f subtle differences in geometry when compared with the
•y
experimental and simulated poly(p-phenylene)s. Hence, the overall structure is not
'y
too different from the reported poly(/?-phenylene).
Table 3.5 Energy of a substituted poly(p-phenylwith a -(C=0)CI substituent
__________________ Energy Decomposition kJ_mol'1__________________
Valence Terms Nonbond Terms
Bonds 28.72 van der Waals: 30.05
Angles 3.33 Electrostatic : 13.23
Torsions 18.69
Inversions 8.28x1 O'2
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Table 3.6 The geometry of substituted p-terphenyl with a -(C=0)CI substituent, after 
energy minimization with no partial charges applied across the molecule.
Atom Bond/length
(A)
Bond/Angle
n
Bond/Torsion
(°)
Connectivity
CI45
C24 1.70 CI45
037 1.26 115.84 C24 CI45
C23 1.42 123.94 176.4 C24 CI45 037
C13 1.43 123.93 40 C23 C24 CI45
C1 1.41 123.58 4.9 C13 C23 C24
C3 1.42 120.66 -116.3 C1 C13 C23
C5 1.41 120.55 -179.7 C3 C1 C13
C7 1.41 120.04 0.00 C5 C3 C1
C9 1.41 119.94 0.00 C7 C5 C3
C11 1.42 120.47 -179.5 C1 C13 C3
H12 1.02 120.42 180.00 C11 C1 C9
H10 1.02 119.95 -179.9 C9 C7 C11
H8 1.02 120.02 -179.9 C7 C5 C9
H6 1.02 120.00 -179.8 C5 C3 01
H4 1.02 120.30 -179.5 C3 C1 C5
C15 1.42 119.36 177.8 C13 C23 1 C1
C17 1.40 121.04 -1.4 C15 C13 C23
C19 1.41 120.70 -0.20 C17 C15 C13
C25 1.41 120.83 -179.4 C19 C17 C15
C27 1.42 120.67 -53.2 C25 C19 C17
C29 1.41 120.76 -179.6 C27 C25 C19
C31 1.41 120.09 -0.2 C29 C27 C25
C33 1.41 119.92 0.00 C31 C29 C27
C35 1.42 120.88 -179.7 C25 C19 C27
H36 1.02 120.40 179.5 C35 C25 C33
H34 1.02 119.95 180.0 C33 C31 C35
H32 1.02 120.07 179.9 C31 C29 C33
H30 1.02 119.93 179.8 C29 C27 C31
H28 1.02 120.42 179.3 C27 C25 C29
C21 1.42 117.75 -179.5 C23 C24 C13
H22 1.03 119.4 -178.7 C21 C23 C19
H18 1.02 118.88 -179 C17 C15 C19
H16 1.03 120.63 -178.9 C15 C13 C17
The addition o f the -(C=0)C1 group has only affected the local atoms and the 
remaining system displays geometry close to both the reported and calculated p- 
terphenyl structures. It is important to add the bond length between the chlorine and
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the carbon atoms is calculated to 1.70 A ±0.05 A in the gas phase, (see Table 3.6) and 
the literature7,8 reports that the -C-Cl average bond length is 1.69 A in the gas phase. 
Hence, the calculated bond length can be seen to be in good agreement to the actual 
experimental average bond length in this instance.
Figure 3.4 Depicts a numbered substituted p-terphenyl with a -<C=0)NH2 as the 
substituent.
Table 3.7 Energy of substituted p-terphenyl with a -(C=0)NH2 substituent, after energy
minimization with no partial atomic charges applied across the molecule
Energy Decomposition kJ mol'1_____________________________________________
Valence Terms Nonbond Terms
Bonds: 34.09 van der Waals: 36.54
Angles: 8.861 Electrostatic: -15.89
Torsions: 16.09
Inversions: 2.08x 10'2
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Table 3.8 The geometry of a substituted p-terphenyl having a -(C=0)NH2 substituent, 
after energy minimization with no partial charges applied across the molecule______
Atom Bond/length
(A)
Bond/Anglen Bond/Torsionn Connectivity
N45
C24 1.337 N45
037 1.25 111.77 C24 N45
C23 1.419 126.03 178.4 C24 N45 037
C13 1.429 124.28 23.4 C23 C24 N45
C1 1.411 123.67 4 C13 C23 C24
C3 1.415 120.59 -114.2 C1 C13 C23
C5 1.408 120.49 -179.8 C3 C1 C13
C7 1.407 120.06 0.1 C5 C3 C1
C9 1.407 119.97 0.1 C7 C5 C3
C11 1.415 120.45 -179.4 C1 C13 C3
H12 1.024 120.34 180 C11 C1 C9
H10 1.023 119.96 180 C9 C7 C11
H8 1.024 120.01 179.9 C7 C5 C9
H6 1.023 120 -180 C5 |C3 C7
H4 1.024 120.34 -179.8 C3 |C1 C5
C15 1.416 119.54 178.2 C13 C23 C1
C17 1.404 121.02 -1.4 C15 C13 C23
C19 1.41 120.67 0 C17 C15 C13
C25 1.414 121.2 -179 |C19 C17 C15
C27 1.417 121.1 -50.8 C25 C19 C17
C29 1.408 120.79 -179 C27 C25 C19
C31 1.406 120.02 0 C29 |C27 C25
C33 1.406 119.93 -0.3 C31 C29 C27
C35 1.417 120.53 -179.4 C25 C19 C27
H36 1.024 120.48 179.7 C35 C25 C33
H34 1.023 120.08 180 C33 C31 C35
H32 1.023 120.1 179.9 C31 C29 C33
H30 1.022 119.97 179.6 C29 C27 C31
H28 1.024 120.39 179.1 C27 [C25 C29
C21 1.421 117.74 -179.4 C23 C24 C13
H22 1.026 119.23 -179 C21 C23 C19
H18 1.024 118.9 -178.9 C17 C15 C19
H16 1.026 120.57 -178.9 C15 C13 C17
H49 0.967 121.38 -178.5 N45 C24 037
H50 0.967 117.79 179.6 N45 C24 H49
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The systems possessing bond lengths for the -C-N (either in the NH2 1.34 A or NO2 
1.36 A) are not within acceptable agreements with the literature -C-N average bond 
length o f 1.47 A 7,8
However, the substituted poly(p-phenylene) possessing a -(C=0)Br substituent in the 
ortho position o f the /7-terphenyl system, displays a bond length between the carbon 
and the bromine atoms o f 1.25A. When compared with a literature7,8 reported average 
bond length o f 1.94 A in the gas phase and is therefore too short and hence not 
parameterized correctly.
Figure 3.5 Illustrates the p-terphenyl with (-C=0)Br as the substituent.
Therefore, the use o f the Dreiding 2.21 force field5 in the case involving the Br 
substituent case was poor. The implication is that this is also true for the -(C=0)I 
group because the calculated bond length was 2.05A and the literature7,8 suggested 
that the average bond length between the C atom and the iodine atom should be
2.21 A. This would suggest that the molecular mechanics parameterization was not 
ideal for heavy atoms such as bromine and iodine and further modification o f the 
force field would be needed to improve upon the molecular mechanics minimization 
results. The use o f geometry minimisation within the semi empirical program 
MOPAC69 would favour this step (see also Chapter 4).
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Table 3.9 Torsion angles in degrees of gas phase system s investigated.
Substituen t
R
/  \  TI /  \ 12 /  \  
\  ff Tl’\  ^  T2'\ ff
R
G a s  P h a s e a
T l T2 T l ’ T 2 ’
— H 0.00 0.00 0.00 0.00
1
. c .
fP  O— ch3 -46 .77 -46 .77 88.75 91.47
-0.078 -0.62 -86.70 -88.05
A 47.78 47.92 -93 .17 -95.29
/ k -47 .79 -47 .79 -59.18 -60.77
^  no2 -47 .24 -47 .29 -64.37 -65.69
O  0H 129.48 129.09 113.80 115.74
132.37 132.35 -88 .69 -89.66
o  J 132.47 132.67 -95.13 -96.35
\
_ J O J 47.31 47.34 98.89 -101.06
-47 .54 -84 .36 -47 .56 -85.91
The torsion angles o f atoms defined as Tl, T2, TV T2 ’ then the gas phase results are 
more in line with the experiment2 (77=179.5°, T2= 0.0°) where the unsubstituted p- 
terphenyl has a torsion angle o f T7=179.9°. This means that the calculated torsion 
angles for the unsubstituted and substituted molecules compare well with the gas 
phase values. Champagne et a l 10 also reported a twisted structure where the torsion
a Molecules were minimized by Cerius2 minimization (RMS gradient Force was set at 0.004 kcal/mol/A).
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angle o f the poly(/?-phenylene) in the gas phase should be roughly 40°.10 The gas 
phase values for the substituted p-terphenyl indicate the expected trend that increasing 
the bulk o f substituent causes a greater deviation from planarity (see also Table 3.9).
7,8,1 l a , l ib
Figure 3.6 Depicts the (-C=Q)OH substituent on the p-terphenyl gas phase molecule.
The smallest least deviation from planarity is caused by the -CHO substituent and the 
other substituents deviate from planarity to approximately the same extent. This trend 
is reproduced in the molecular mechanics calculations with the majority o f  the 
substituents showing similar torsion angles. Another example o f the similarities 
occurs with the intra-ring bond angles. The literature reported poly(p-phenylene) has a 
mean value o f 120.53° for the intra-ring bond angle and the calculated p-quaterphenyl 
has a value o f 123.12°, which is acceptable when comparisons are being made. All the 
data for this particular molecule are found in the Appendix section.2
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3.2 Molecular Mechanical Modelling of Adipic-dihydrazide and 
Poly(p-phenylene)
Poly(/?-phenylene) primary properties includes excellent thermal oxidative stability, 
high mechanical strength, insolubility in all solvents intractability and the ability to 
conduct electricity upon oxidative or reductive doping. Poly(/?-phenylene) is a 
difficult polymer to both synthesise and manufacture, which has retarded the
19development o f this material. As mentioned at the beginning o f chapter 3 the 
proposed synthetic mechanism was to produce a water soluble /?-quaterphenyl system 
which could then be crosslinked with a compound o f adipic-dihydrazide. Within this 
section it discusses the theoretical structure o f cross-linked systems involving adipic- 
dihydrazide (ADH) that can be used to link two p-terphenyl units to produce. 
However, a systematic study o f the cross-linking chemistry o f the adipic-dihydrazide 
ADH molecule to the conducting phenyl chain was performed. The ADH system was 
built in a systematic fashion and at each stage the molecules where then minimised.
Figure 3.7 Illustrates (C6H14N402) adipic-dihydrazide
The reason for this was due to complexity o f the system i.e. several methyl groups, 
the double bonds and several heavy atoms (nitrogen and oxygen) present in the 
molecule. The criteria used for the optimisation o f the /?-terphenyl unsubsituted and
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substituted /7-terphenyl systems are also examined for the system discussed in this 
section. All atomic partial charges were calculated using the Gasteiger method and the 
QEq_neutral 1.0 charge equilibration method.4 The systems were then optimised 
using the Dreiding 2.21 force field,5 while the conjugate-gradient6 energy 
optimisation algorithm was used with a RMS force o f0.004 kcal mol"1.
Figure 3.8 General scheme showing the proposed crosslinking (shown for p- 
quaterphenyl).
H2N N.
CH3 CH3
CH3
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Figure 3.9 The various molecules examined in the cross-linking studies.
H H2
h2n c ch3 
o
H
The remaining energies and geometries for the ADH and cross-linked 77-terphenyl {e.g. 
bond connectivities, lengths, angles and torsions) are reported in the Appendix. It is 
worth noting that the ADH structure is a relatively complex structure to model, as it 
possesses different atoms such as nitrogen, oxygen as well as carbon and hydrogen 
atoms.
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Figure 3.10 Structure of models for the crosslinked p-biphenyl and p-quaterphenyl 
systems
CH3
The ADH and analogues o f are less rigid (at the molecular level) than the phenylene 
systems mentioned in the previous section, as it possesses several rotating methyl 
groups. The molecular mechanic optimisation process used on these systems took 
slightly longer (to achieve convergence) as a result.
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h  h 2
II
Table 3.10 Shows the eneigies of the following molecule o
_______________ Energy Decomposition kJ mol'1_______________
Valence Terms Nonbond Terms
Bonds: 5.56 vanderWaals: 2.98
Angles: 5.93 Electrostatic: 58.84
Torsions: 0.20
Inversions: 8.66x10‘3
H H2
/ N\  
h 2n  c  c h 3
Table 3.11 Depicts the geometry of the following molecule ADH1 o
Atom Bond/Length Bond/Angle Bond/Torsion Connectivity
O
C 1.25 1
N 1.35 115.25 2 1
N 1.37 125.23 178.35 3 2 1
H 1.03 109.29 123.00 4 3 2
H 1.03 109.31 116.63 4 3 5
H 0.97 120.89 179.47 3 4 2
C 1.48 120.08 178.8 2 1 3
C 1.56 114.77 112.28 8 2 1
H 1.09 110.66 -59.60 9 8 2
H 1.09 110.53 120.20 9 8 10
H 1.09 110.27 -120.05 9 8 10
H 1.09 107.05 122.32 8 2 9
H 1.09 108.11 -122.03 8 2 9
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3.3 Molecular Mechanical Modelling of p-quaterphenyl and 
various substituted analogues of p-quaterphenyl
Optimization studies on /?-quaterphenyl systems also possessing substitutent groups 
are discussed within this section. The following parameters were observed; atomic 
partial charges were calculated using the Gasteiger method and the QEq_neutral 1.0 
charge equilibration method.4 Each molecule was then optimised using the Dreiding
2.21 force field,3 whilst the conjugate-gradient6 energy minimization algorithm was 
used with a RMS force o f 0.004 kcal mol"1. Some o f the energies and geometric are 
reported in this section and the remainder appear in the Appendix A.
Figure 3.11 Illustrates p-quarterphenyl with two methylketones groups as the 
substituents attached to the two middle rings.
Table 3.12 Energy of the p-quaterphenyl with two methylketones as the substituent 
groups present having applied a neutral charge applied across the molecule
______________ Energy Decomposition kJ mol'1_______________
Valence Terms Nonbond Terms
Bonds: 31.15 VanderWaals: 30.91
Angles: 4.39 Electrostatic: 42.32
Torsions: 20.90
Inversions: 1.21x10"2
77
Chapter 3 Molecular Mechanics Results and Discussion
Table 3.15 The torsion angles of gas phase p-quaterphenyl without substituents and 
with substituents -(C=0)0H and -(C=0)CH3 reported for p-quaterphenyl by Baudour et 
a/.3
77
G a s  p hase
Simulated molecules
T l3 T2’
47.29 46.99 -47.16 47.28 46.99 -47.16
47.46 -74.34 47.41 47.41 -74.34 47.48
H3C
46.65-47.70 -70.27 -48.39 46.62 -69.21
44.99 -47.70 -81.62 -47.73 47.26 -81.41
The table above depicts the p-quaterphenyl structures analysed using the Cerius2 
program with the same parameters as for the various p-quaterphenyl systems 
mentioned earlier in this chapter. A comparison can be made with the experimental 
literature reported3 p-quaterphenyl and with the energy minimised systems can be
78
Chapter 3 Molecular Mechanics Results and Discussion
discussed. The twisting is caused by the steric hindrance o f the substituents present on 
phenylene ring system. In Table 3.10 it can be observed that at specfic points the 
torsion angle varies when a substituent is present, e.g. the p-quaterphenyl having 
methylketones on two o f its central phenyl the torsion angles (72; -74.34° and 72 
-74.34°) deviating away from a planar position. Whilst, the non-substituted reported3 
for p-quaterphenyl has a torsion angles o f 72; 46.99° and 72 ’; 46.99 respectively.
Figure 3.12 Illustrates the p-quaterphenyl with two carboxylic acids attached to the end 
two phenylene rings as the substituents.
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3.3 Conclusions
In this investigation computational molecular mechanics was used to optimise the 
energies and geometries of/?-terphenyl cross-linked /7-terphenyl with modelled ADH 
and /?-quaterphenyl and its and substituted analogues were successfully obtained using 
Cerius2 1 V2.0 or V4.0 with relative ease and comparisons with the experimental data 
of simple straight chain poly(p-phenylene)s from the literature.2,3 The Drieding 2.21 
force field5 was used and gives a good overall force field to be applied to very simple 
molecules. The / 7-terphenyl systems studied in this chapter all generally showed good 
optimisation except for systems where heavy atoms like bromine and iodine being 
were present on the molecule. Through investigation within the Cerius2 force field 
revealed that the optimisation techniques possess certain limitations one o f which is 
the calculation o f heavy atoms such as iodine and bromine.
All the ADH and cross-linked ADH systems were successfully optimised even though 
the several ‘rotating’ methyl groups in their structures caused the optimisation to take 
longer than overall ‘rigid’ /7-terphenyl systems.
The / 7-quaterphenyl system were also optimised successfully although the presence o f 
substituents present at specific points o f the phenylene backbone does have an effect 
on the final minimised system.
Molecular mechanics when used as part o f the computational simulation o f molecule 
is becoming more the norm and provides useful information as to the probable 
structures in their optimised form. Further developments in this field will allow for 
more extensive study on complicated systems.
However, at the moment molecular mechanics is more useful for the generation o f 
initial structures for the use in molecular orbital calculations, for conducting 
polymers. The high degree o f conjugation present in poly(/?-phenylene) systems is not 
well modelled by molecular mechanics as shown above and electronics properties e.g. 
band gaps are not solvable from the molecular mechanic studies. Therefore the next 
chapter will develop the modelling outlined in this chapter into a molecular orbital- 
based area.
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Chapter 4 Semi Empirical Results and Discussion
4.0 Results and Discussion of the Molecular Orbital 
Studies on Poly(p-phenylene) with Various 
Substituents
Poly(p-phenylene) possesses poor solubility in general organic solvents such as 
acetone and diethyl ether although the insertion o f a suitable functional group is a 
possible method to produce soluble conjugated polymers. MOPAC6 1 is a semi- 
empirical molecular orbital package used for the study o f chemical structures and 
reactions. The semi-empirical Hamiltonian PM32 is used in the electronic part o f the 
calculation to obtain the heat o f formation with respect to geometry. Whilst using 
MOPAC6 1, vibrational spectra, and force constants are available and all these are 
reported in Chapter 6 . A detailed discussion of the theory of semi-empirical quantum 
mechanics calculation is explained in Chapter 2 o f this thesis. There have been 
extensive studies o f the structures and energetics o f poly(p-phenylene)s. Just recently, 
Wei Huang, et al. reported a study on the variation o f the torsional angles in side 
chain substituted biphenyls where they had used the MOP AC1 program with AMI4 
and PM3 Hamiltonians in their investigations.
The work described in this chapter is based on molecules that were originally built 
and optimized for geometry within Cerius2 4 using the Dreiding 2.215 force field with 
a neutral charge applied across the molecule (see Chapter 4). The results from the 
molecular orbital calculations have been compared with experimental data from the 
Cambridge Crystallographic Database on unsubstituted p-terphenyl by Rietveld et al.6 
Further semi-empirical molecular orbital studies o f the p-quaterphenyl and its 
derivatives have been made substituents and comparisons will be made with reported 
data for p-quaterphenyl7. The bridging (cross-linking) reaction involving adipic- 
dihydrazide (ADH) will also be studied. This section will discuss the results o f band 
energy gaps calculation an isolated system and as part o f the cross-linking system 
bonded to units of various lengths of p-phenyls.
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4.1 Experimental Molecular Orbital Modelling of p-terphenyl 
with substituent groups
The models molecular optimised within Cerius2 V2.04, were used individually as 
input data for the semi-empirical quantum mechanics package MOPAC6 1, which is 
part of an interface package within Cerius2 V2.04 supplied by Molecular Simulations 
Incorporated (MSI) 4 For this project the PM32 method was used, because it is not 
only the most up-to date method to but it possesses the corrected -(C=0)NH- 
parameterization and was chosen to remain consistent throughout all the calculations 
of the simulated molecules. The other methods present within MOPAC6 1 such as 
AMI8 and MNDO/38 are several years older and do not have the corrected -  
(C=0)NH-parameterization which is necessary for certain molecules being 
investigated within this thesis.
The keyword for the task used for all the different systems within this project was 
geometry optimisation (GEO-OK). This sends the molecule to a local minimum with 
restricted Hartree-Fock (RHF) as the self-consistent field (SCF-type). The chosen 
semi-empirical approximation method for all the systems used was PM32 using the 
keywords eignevector following (EF), high precision (HP) and a convergence 
criterion o f <0 .0 1 Kcal/mol/A with the Hessian recalculated every 5 steps. For models 
possessing a peptide-like linkage (e.g. -(C=0)NH- group) the molecular mechanics 
correction (MMOK) keyword was used as this enables the molecular mechanics 
correction to be applied. The band energy gaps were approximated using Koopmans’ 
Theorem9. The results for two systems with the p-terphenyl having the following 
substituted groups
-(C=0)C1 and -(C=0 )CH3 respectively obtained from the geometry optimization 
method are presented in Tables 4.2 and 4.3, and the remainder are found in the 
Appendix. Included in these tables are the entire atom conformations (e.g. bonding 
lengths, angles, torsions and connectivities). A reported crystal structure o f 
unsubstituted p-terphenyl was obtained from the X-ray Crystallographic Cambridge 
Crystallographic Database6 and this is used to make comparisons.
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Table 4.1 This table displays the specific substituents examined for p-terphenyl.
X01o/
~
\ k / k
\ Br „^c no2
H/ c—CHs '-OH / s . / o X nh2
Figure 4.1 The highest occupied molecular orbitals (HOMO) and the dipole moment 
(green arrow) for the molecule possessing the R group, -(C=0)CI.
8,00 Angstroms
In the picture above the positive HOMO is shown as the blue lobes while the red 
lobes show the negative lobes. The chlorine and oxygen atoms are depicted as the 
green and orange spheres respectively.
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Table 4.2 The z-matrix information of the bond lengths, angles, torsions and 
connectivity calculated for a -(C=0)CI substituted p-terphenyl calculated using 
MOPAC6.1
Chemical
symbol
Atom
Bond/
Length
(A)
Bond/
Angle
(°)
Bond/
Torsion
(°)
Connectivity
Cl
C 1.69 1
0 1.25 115.81 2 [ 1 I
C 1.415 123.98 176.41 2 1 3
C 1.43 123.91 40.05 4 2 1
C 1.412 123.60 4.95 5 4 2
C 1.41 120.66 -116.32 6 5 4
C 1.41 120.54 -179.67 7 6 I 5
C 1.41 120.05 0.04 8 7 6
C 1.41 119.95 0.01 9 8 r 7
C 1.42 120.46 -179.50 6 I 5 7
H | 1.02 120.42 180.00 I 11 r 6 10
H 1.02 119.95 -179.91 10 9 11
H 1.023 120.02 -179.87 9 8 10
H 1.023 120.00 -179.77 8 7 9
H 1.02 120.33 -179.45 7 6 8
C 1.42 119.36 177.79 I 5 4 6
C 1.40 121.04 -1.44 17 5 4
C 1.41 120.70 -0.20 18 17 5
C n tr 120.82 -179.40 I 19 | 18 I 17
C 1.41 120.68 -53.21 20 19 18
C 1.41 120.747 -179.55 21 20 19
C 1.41 120.09 -0.14 22 21 20
C 1.41 119.93 -0.04 23 22 21
I C 1.42 120.86 -179.73 20 I 19 | 21
H 1.02 120.39 179.51 25 20 24
H 1.02 119.97 179.97 24 r 23 25
H 1.02 120.09 179.93 23 22 24r  H 1.02 119.92 179.77 22 | 21 I 23
H 1.02 120.44 179.28 21 20 22
C 1.42 117.76 -179.53 4 2 5
H 1.03 119.44 -178.70 31 | 4 | 19
H 1.02 118.88 -179.02 18 17 19
H 1.03 120.63 -178.91 17 5 18
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4.2 Semi Empirical Studies of the Bond Lengths of p-terphenyl 
and p-terphenyl with substituent groups
The bond lengths in simulated p-terphenyl can be regarded as having differences of 
±0.5A in all cases when compared with the literature reported p-terphenyl.6 In 
Chapter 4 discussions were made on the bond lengths attributed to the various 
substituent groups present on the system. The variation in bond length also affects the 
geometries (e.g. torsion angles). The bond lengths also clarify effects o f the geometry 
optimization procedure being applied to the simulated models. Pimentel et al.10 
reported the average bond length o f the carbonyl group )C= 0  as 1 .2 2  A on the 
substituted p-terphenyl, although the actual experimental value for a ketone or an 
aldehyde ranged from 1 .2 0  A ±0 .1 0  A. The semi-empirical simulated molecules also 
display subtle differences when compared with the molecular mechanical and 
literature6 reported for poly(p-phenylene).The acid chloride substituted p-terphenyl 
(possessing -(C=0)C1 as the R substituent situated in the ortho position) displays 
small differences in geometry when compared with the experimental and simulated p- 
terphenyl and therefore the overall structures are not too dissimilar from p-terphenyl.6 
It is important to add that the calculated bond length between the chlorine and the 
carbon atoms (part o f the -(C=0 )C1) is 1.78 A ±0.05 A group in the gas phase and 
the literature10 reports that the -C-Cl average bond length is 1.69 A, also in the gas 
phase. Therefore, the calculated bond length can be observed to be closer to the actual 
experimental average bond length in this instance.
The reported bond length for NO2 is 1 .2 2  A, while the simulated molecule displays a 
bond length o f 1.36 A. The simulated molecule possessing the NH2 functional group 
had a bond length o f 1.34 A, whilst the reported value is 1.47 A.10 Therefore, the 
comparisons o f the actual versus the reported bond length within ±0.5A can be 
regarded as acceptable.
The substituted p-terphenyl possessing the -(C=0)Br as the substituent in the ortho 
position displays a bond length between the carbon atom and the bromine atom, o f 
1.25 A when calculated during molecular mechanics minimisation and is too short and 
hence is not parameterized correctly (see also Appendix). However, the semi 
empirical calculated p-terphenyl possessing the same group gave a bond length o f 
1.98 A. When this is compared with the literature10 the average bond length is
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reported as 1.94 A in the gas phase. Therefore, the -C-Br bond length is close to the 
actual experimental average bond length and in this instance the use o f the semi 
empirical MOPAC6  PM32 method was better than the molecular mechanical method 
Dreiding 2.21.5
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Table 4.3 Z-matrix information of the bond lengths, angles, torsions and connectivities 
calculated for a -(C=0)CH3 substituted p-terphenyl calculated using MOPAC61
Chemical
symbol
Atom
Bond/
Length
(A)
Bond/
Angle
(°)
Bond/
Torsion
(°)
Connectivity
C
C 1.47 1 I
0 1.25 116.04 | 2 1
c 1.41 124.49 178.08 2 1 3
c 1.43 123.43 51.61 4 2 1
c 1.41 123.07 4.47 I 5 I 4 2
c 1.42 120.75 -120.05 6 5 4
c 1.41 120.60 179.87 7 I 6 I 5
c 1.41 120.05 0.083 8 7 6
c 1.41 119.96 0.11 I 9 8 7
c 1.42 120.50 -179.76 6 5 7
H 1.02 120.39 -179.86 11 6 10
H 1.02 119.94 179.91 | 10 9 11
H 1.02 120.01 179.93 9 8 10
H 1.02 120.01 -179.93 8 i 7 I 9
H 1.02 120.39 -179.56 7 6 8
C 1.41 119.06 178.01 5 4 6
C 1.40 121.00 -1.30 17 5 I 4
C 1.41 120.83 -0.12 18 17 5
C 1.41 121.03 -179.44 19 I 18 17
C 1.42 120.91 -49.46 20 19 18
C 1.41 120.84 -179.46 21 20 19
C 1.41 120.06 0.06 22 21 20
C 1.41 119.89 -0.16 23 22 21
c I 1.42 120.79 -179.64 20 I 19 21
H 1.02 120.48 179.57 25 20 24
H 1.02 | 120.00 -179.94 24 | 23 j 25
H 1.02 120.08 179.97 23 22 24
H 1.02 119.96 179.74 22 21 23
H 1.03 || 120.48 179.28 21 | 2Cf r  22
C 1.41 117.64 -179.53 4 I 2 5
H 1.03 119.09 -178.85 31 [ 4 19
H 1.02 118.72 -178.98 18 17 19
H 1.03 120.54 -178.86 17 5 18
H 1.01 112.05 -175.09 1 2 3 I
H 1.01 108.96 119.96 1 2 35
H 1.09 109.04 -121.29 1 2 35
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Table 4.4: Z-matrix information of the calculated for -{C=0)Br substituted p-terphenyl 
calculated using MOPAC61
Atom Bond/length
(A)
Bond/Angle
(°)
Bond/Torsion
n
Atom Connectivity
Br
C 1.98 1
0 1.18 118.65 2 1
C 1.47 107.43 178.67 2 1 3
C 1.40 121.64 99.20 4 2 1
C 1.47 122.56 -0.49 5 4 2
C 1.40 120.50 -60.78 6 5 4
C 1.39 119.86 -178.35 7 6 5
C 1.39 120.21 -0.28 8 7 6
C 1.39 119.98 0.16 9 8 7
C 1.40 119.61 -178.38 6 5 7
H 1.10 119.84 179.93 11 6 10
H 1.095 120.03 179.98 10 9 11
H 1.09 120.02 -179.91 9 8 10
H 1.10 119.71 -179.78 8 7 I 9
H 1.10 119.83 -179.43 7 6 8
C 1.40 118.82 -179.98 5 4 6
C 1.39 120.78 0.43 17 I 5 4
C 1.40 120.26 -0.406 18 17 5
C 1.47 120.30 -179.86 19 18 17
C 1.40 120.13 -47.79 20 19 18
C 1.40 120.02 -179.88 21 20 19
C 1.40 120.18 -0.24 22 21 20
C 1.39 119.93 0.13 23 22 21
C 1.40 120.22 -179.98 20 \ 19 21
H 1.10 119.89 179.86 25 F  20 24
H 1.10 120.00 179.95 24 23 25
H 1.09 120.03 179.95 23 22 r M l
H 1.09 119.817 179.94 22 21 23
H 1.10 119.86 179.72 21 20 22
C 1.40 117.84 179.75 4 2 5
H 1.10 120.13 -179.61 31 4 19
H 1.10 120.03 -179.97 18 17 19
H 1.10 119.21 179.98 17 5 18
The literature10 indicated that the average bond length between the carbon and the 
iodine atoms should be 2.21A, but the semi empirical calculated bond length was
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2.05A. The calculations made with the substituent group having either the bromine or 
iodine atoms suggest that the parameterization is also only ideal for selective types o f 
heavy atoms. In this instance, the semi-emipircal method improved optimization for 
the system that possessed the bromine atom. In fact, the system possessing the iodine 
atom did optimize, but the bond length value o f 2.054 A is still far from the actual 
literature reported value o f 2.15A10 and is within an acceptable range ±0.05 A.
4.3 Semi Empirical Studies o f the Torsion Angles of p- 
Terphenyl and p-Trerphenyl with Various Substituents
The results show that the semi-empirical force field is better at reproducing the 
experimental torsion angles o f p-terphenyl (marked as —Hb ; see Table 4.5). The 
torsion angles for the p-triphenyl are T l= 0.7°, T2 =1.3°and the semi-empirical results 
are more in line with the literature reported for p-terphenyl6 (T 1=0.0°, T2=0.0°).
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Table 4.5 Torsion angles in degrees of the p-terphenyl systems after using MOPAC61
Substituent
R
/  \  Tl /  \  T2 /  \  
\  f f  T l \ .  /  T 2 ' \  /
Gas phase3 r
Tl(°) T2(°) T l’(°) T2’(°)
— Hb 0.000 0.00 0.00 0.00
-4 1 0.000 0.00 0.00 0.00
A-c* -46.77 -46.77 88.75 91.47
cA°  H -0.078 -0.62 -86.70 -88.051
47.78 47.92 -93.17 -95.29
1
n A ,
B r
-47.79 -47.79 -59.18 -60.77
i
A * -47.24 -47.29 -64.37 -65.691
° A ,„ 129.48 129.09 113.80 115.74
A 132.37 132.35 -88.69 -89.66
A 132.47 132.67 -95.13 -96.35i
47.31 47.34 98.89 -101.06
1
o^ C\° N H a
-47.54 -84.36 -47.56 -85.91
“ M o l e c u l e s  w e r e  m i n i m i z e d  b y  t h e  C e r i u s  m i n i m i z a t i o n  ( R M S  F o r c e  w a s  s e t  a t  0 . 0 0 4  k c a l / m o l / A )  a n d  t h e n  f o l l o w e d  b y  g e o m e t r y  o p t i m i z a t i o n  ( a  c o n v e r g e n c e  
c r i t e r i o n  o f  O . O l k c a l / m o l A )  m e t h o d  i n  M O P A C 6 . 0 .  
b S t r u c t u r e  o b t a i n e d  v i a  C h e m i c a l  S t r u c t u r a l  D a t a b a s e . 6
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These torsion angle values for the substituted poly(p-phenylene)s indicate the 
expected trend that increasing bulk o f the substituent causes a greater deviation from 
planarity. The smallest deviation from planarity is caused by the -(C=0)H  group 
while the other substituents all deviate from planarity to approximately the same 
extent.
4 A  Semi Empirical Studies o f the Band gap Energy of p- 
Terphenyl and p-Terphenyl Analogues
The band gap energy (i.e. difference between the highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LIJMO)) and is an important 
feature for the conductivity o f a material, and defines its electrical properties. If the 
band energy gap reduces, then the electrical conductivity becomes greater. The actual 
band gaps o f conducting polymers cannot be calculated in the solid state, therefore in 
the isolated molecule the orbital gap between the HOMO and LUMO is the simplest 
approximation to the actual gap. Vaschetto et al.12' 14 reported a band energy gap o f 
2.8eV using ab initio calculations for studies o f poly(p-phenylene) oligomers. The 
values for the systems obtained in this study range from 7.90eV having a simple p- 
terphenyl ring system to 9.44eV with a
-(C=0 )NH2 substitutent using the semi-empirical molecular orbital method. The 
band gaps were approximated using Koopmans’ Theorem15 and the scaling factor of 
0.32 was obtained by the following calculation (2.8 /8.5 eV) where the 2.8 is obtained 
from the calculations reported by Vaschetto et al.12-14 The band gap increases with 
increasing substitution when compared with the unsubstituted p-terphenyl system (e.g. 
-CHO, 8.36eV scaled 2.67eV; -(C=0)0CH3, 8.78eV scaled 2.80eV; -(C=0)0H , 
8.78 eV scaled 2.8leV; and -(C=0 )N0 2 , 8 .6 8 eV scaled 2.86eV). However, each 
functional group shows that they are affecting the p-terphenyl systems in a subtle 
manner, by the different band energy gaps obtained. Hence, the systems possessing 
substituted groups are poorer electrical conductors, due to the band energy gap being 
wider than the simpler unsubstituted p-terphenyl ring systems.
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Figure 4.2 Displays the HOMO and LUMO and the dipole moment for the molecule 
possessing the R group with -(C=0)CH3
v
Table 4.6 shows the HOMO band gap (-8.78 eV) and the gradient normalisation Figure 
4.2 depicts the HOMO and LUMO orbitals calculated from the MOPAC61 program.
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Table 4.6 HOMO and LUMO values of the geometry optimized p-terphenyl with specific 
substituent groups.
R group LUMO
Energy
(eV)
HOMO
energy
(eV)
MOPAC 
Band gap 
energy 
(eV)c
Scaled 
Band gap 
energy 
(eV)
GRAD / 
GNORM 
(kJmof1)
—H 8.59 0.69 -7.90 2.60 0.007
-9.26 -0.36 -8.89 2.93 0.004
-9.42 -0.57 -8.84 2.91 0.006
0« -9.42 -0.65 -8.78 2.89 0.008
-9.14 -0.99 -8.15 2.68 0.007
-9.46 -1.07 -8.39 2.76 0.007
-9.05 -0.69 -8.36 2.75 0.009
-9.20 -0.48 -9.44 3.11 0.007
f 1
H  C — C«3 -8.99 -0.21 -8.78 2.89 0.007
< /  N 02 -9.57 -0.88 -8.69 2.86 0.008
^  — c h 3 -9.29 -0.56 -8.73 2.87 0.009
c Band energy gap approximated as the E H o m o ’  E l u m o -
d Scaled band gap energy using literature value of 2.8eV (scaling factor 0.33) of poly^-phenylene).9'11
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Table 4.7 The corresponding Hammett values12 for all molecules studied
Harnett Value 5,R group
0.00— H
-0 .09
0.13
0.34
0.35
OH
0.36
C H ;
0.37
0.37
0.71
n o 2
The Hammett relationship is referred to as a ‘linear free energy relationship’ since it is 
based on and reveals the linear relationship existing between free energy change and 
the effect exerted by a substituent.
The effect exterted by a substituent refers to the relative electron-withdrawing or 
electron-releasing effect of a particular substituent. Hundreds of set reactions can be 
used to calculate the relative Keq values o f several thousands o f individual reactions.
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Figure 4.3 Graph illustrates the scaled band energy gap of variously subtituted p- 
terphenyis against their Hammett values calculated by MOPAC61.
Graph illustrates the Scaled band gap energy
2.6^
-0.2  - 0.1
♦
♦♦
0.2 0.3  0.4
H a rn e tt  V a lu e  (5m )
♦Seriesl
The graph above is plotted to display a trend in the scaled band energy gap for the p- 
terphenyl with the substitutents examined in this section. Defining the hydrogen atom 
in the ortho position one obtains the scaled band energy gap versus the corresponding 
Hammett literature value.12"13
The smallest band gap is shown for a Hammett value o f ‘O’ i.e. hydrogen. Any other 
substituent whether electron-withdrawing or donating serves to increase the band gap 
value.
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4.5 Semi Empirical Investigation on the Heats of Formation 
and Dipole Moments of p-Terphenyl and p-Terphenyl 
Analogues
A more useful quantity for comparison with experiment is the heat o f formation, 
which is often referred to as the enthalpy change whilst one mole o f a compound is 
formed from its constituent elements in their standard form. The heat o f formation can 
therefore be calculated by subtracting the heats o f atomisation o f the elements and 
atomic ionisation energies from the total energy. Semi empirical analysis can supply 
more information than simple molecular mechanical studies including the heat of 
formation, which can be deduced by using the semi-empirical program MOPAC6 1 on 
small, simple molecules. The resulting dipole moments and heats o f formation are 
presented for the p-terphenyls see Table 4.8 overleaf
The electric dipoles reflect the distribution o f charges within the molecule. The results 
of the calculated dipole moments are shown in Table 4.8. The systems with -  
(C=0 )0 H and -{C=0 )NH2 as their substituents have the largest dipole moments at 
4.53 Debye, which are higher than any o f the systems calculated and also larger than 
the (calculated?) unsubstituted poly(p-phenylene) which possesses a dipole moment 
of 0.00 Debye. Molecules that contain bromine and iodine atoms are electron rich 
when compared with lighter atoms like oxygen, nitrogen and carbon and display 
dipole moments o f 3.52 Debye and 3.41 Debye for -(C =0)I and -(C=0)Br 
respectively.
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Table 4.8 Heats of formation (AH®) and the dipole moments (Debye) for simulated 
structures with the indicated R groups using the MNDO/PM3 method.
0 ^ 0 ~ 0
R
R group
Heat of 
Formation 
(kJmol'1)
Dipole Moment 
(Debye)
— H 71.60 0.00
I
°A», 32.93 2.61
I
0 ^ 0 ,
34.15 2.83
1
« " \ h
-13.64 4.53
1 43.20 3.41
A
60.46 3.55
A
40.02 2.68
A *
36.74 3.44
X01//OI
”
°\
X
81.52 0.40
A *
39.87 4.53
1
« ^ V o w
-2.97 -2.03
The heats of formation (AH/ kJmol'1) and the dipole moments (Debye) are reported in 
Table 4.8 above. The results show that the p-terphenyl with the -(C =0)0H  substituent 
has the lowest heat o f formation at 13.64 kJmol' 1 with compared with the />-terphenyl 
of 71.60 kJmol”1. The calculated heat of formation for the molecule bearing the -  
(CH)=CH-CH3 substituent was S l^ k lm d ’1 and this can be accounted for by the 
increased number of bonds present in the system, which make the heat of formation 
larger when compared with the unsubstituted j9-terphenyl. Assuming that the
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temperature and entropy are constant over the molecule in the free state then the AGe 
can be assumed to be proportional to the AHf e. On further examination of the results 
in Table 4.8 it can be observed that only the acetyl and carboxyl substituted molecules 
have a negative AHf e and therefore can be assumed to be prepared more readily than 
the others in the series. Hence it is important not to make much o f the results at this 
level o f approximation and only to consider trends in the data.14
4.6 Semi Empirical Studies on the Band Energy of a Carboxyl- 
Substituted Poly(p-phenylene) Cross-linked with Adipic- 
Dihydrazide
Further optimization studies addressed the substituents involved in cross-linking with 
a molecule o f adipicdihydrazide (ADH see page 23). A systematic study o f the linking 
of the ADH molecule to the conducting phenyl chain was performed. The structures 
studied followed, the same procedure used for the substitued p-terphenyl and p- 
quaterphenyl structures already mentioned. All the bond lengths, angles, torsions and 
connectivities have been recorded, (see Figures 4.4, 4.5, 4.6 and 4.7) and the remaining 
are presented in the Appendix. The dipole moment can be observed on the geometry 
optimised figures as a green arrow.
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Figure 4.4 Structures involved in the Cross-linking process studied using the semi 
empirical MOPAC6 program
h 2
h 2 n ' C H a , N H ,
H 2 N '
ADH1
C C N
H 2  H 2  H
ADH2
C H a
ADH3
ADH4
ADH5
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Figure 4.5 Illustrates the adipic-dihydrazide ADH1 molecule with overlapped HOMO 
orbital present at one end.
8.00 Angstroms
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Table 4.9 semi-empirical z-matrix of a simple ADH2 molecule
Atom Bond/Length
(A)
Bond/Angle
<°>
Bond/Torsion
<°>
Connectivity
0
C 1.30 1
N 1.35 118.75 2 1
N 1.30 119.52 -3.85 3 2 1
H 0.90 109.20 -80.39 4 3 2
H 0.90 109.39 119.55 4 3 5
H 0.90 121.29 -179.20 3 4 2
C 1.42 120.73 -177.70 2 1 3
C 1.44 114.27 2.19 8 2 1
C 1.45 112.51 178.32 9 8 2
C 1.44 112.56 -179.18 10 9 8
C 1.42 113.19 -179.38 11 10 9
0 1.30 120.49 -61.18 12 r  11 10
N 1.35 119.26 -178.88 12 13 11
N 1.30 119.77 14.39 14 12 13
H 0.90 109.59 -41.85 15 14 12
H 0.90 108.96 119.51 r  15 14 16
H 0.90 120.03 -178.00 14 15 12
H 0.95 108.55 120.33 11 10 12
H 0.95 108.96 -121.21 11 10 12
H 0.95 108.80 120.48 10 9 11
H 0.95 108.81 -120.81 10 9 11
H 0.95 108.89 121.01 9 8 10
H 0.95 108.63 -120.29 9 8 10
H 0.95 108.64 -121.59 8 2 9
H 0.95 107.98 120.66 8 2 9
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Table 4.10 Depicts the band energy gaps of the various ADH
Molecules
Analysed
LUMO
Energy
(eV)
HOMO
energy
(eV)
Band gap
energy
(eV)
GRAD/
GNORM
(k/cal/
mol)
ADH1 0.90 -9.29 -10.2 0.010
ADH2 0.55 -9.93 -10.48 0.009
ADH3 -0.49 -9.04 8.55 0.010
ADH4 -0.14 -9.24 9.38 0.005
ADH5 -0.45 -8.80 8.35 0.009
Table 4.11 Semi-empirical z-matrix geometry of ADH1
Atom
Bond/
Length
(A)
Bond/
Angle
.. (°) ...
Bond/
Torsion
(°)
Connectivity
O
C 1.25 1
N 1.35 115.26 2 1
N 1.37 125.24 178.35 3 2 1
H 1.028 109.28 123.00 4 3 2
H 1.028 109.31 116.63 4 3 5
H 0.97 120.89 179.47 3 4 2
C 1.479 120.08 178.84 2 1 3
C 1.56 114.77 112.28 8 2 1
H 1.094 110.66 -59.60 9 8 2
H 1.09 110.53 120.20 9 8 10
H 1.09 110.27 -120.05 9 8 10
H 1.092 107.05 122.32 8 2 \ 9
H 1.093 108.11 -122.03 8 2 9
The simplest structure which was composed of; NH2-NH-(C=0 )-CH2-CH3 possessing 
a band gap energy of -10.2 eV and from this result it can be suggested that 
theoretically the material is a poor conductor. This is to be expected as the system 
dose not possess the overlapping orbitals, necessary for conductance that the poly(p- 
phenylene)s do.
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Figure 4.6 Shows ADH3 adipichydrazide bonded with two phenyl with one set of 
overlapping HOMO orbitals
8.00 Anastroms
Figure 4.7 Illustrates a simple ADH1 structure with HOMO and LUMO lobes present on 
the system
i— i— i— i— i— i— i— i— i— i— i
5.00 Anastroms
While ADH1, which is NH2-NH-(C=0)-CH2CH3 has a orbital energy gap o f —8.55 eV 
when compared with the ADH3 system the latter has much improved conduction as 
the band energy gap is observably smaller. This is probably due to the two lone pairs 
of electrons present on each o f the carbonyl groups and on the two lone pairs on each
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of the nitrogen atoms influencing the overall conductivity o f the system. However, 
when compared to the p-terphenyl systems the band energy gap is slightly wider, 
hence the conductivity in theory will be poorer.
Table 4.12 Heats of formation (kcalmol'1) and Dipole moments (Debye) of the cross- 
linked (adipic dihydrazide) system s analysed.
Molecules
Analysed
Heat of 
Formation 
(k/cal/mol)
Dipole
Moment
(Debye)
ADH1 -26.06 3.12
ADH2 -50.60 0.91
ADH3 68.86 3.23
ADH4 28.77 2.34
ADH5 171.85 5.66
4.7 Molecular Orbital studies on Quarterphenyl and 
Quaterphenyl analogues
Alongside the theoretical studies o f the p-quaterphenyl in this project p-quaterphenyl 
was actually prepared experimentally in order to perform (see conduction 
measurements in Chapter 3). Developing the ability to predict the structure-property 
relations o f conducting polymers in the gas phase will help with the design o f newer 
structures that combine processability with favourable electronic properties and assist 
their use in future high-technology applications (see chapter 1). In this section the 
semi-empirical calculations o f p-quaterphenyl and p-quaterphenyl analogues will be 
studied.
Geometry optimization studies with the p-quaterphenyl systems having two- 
substituent groups present on different phenyl rings show a trend. The unsubstituted 
p-quaterphenyl had a band energy gap o f 8.29 eV, while the literature reported p- 
quaterphenyl7 system possessed a band energy gap o f 3.2eV. However, the p- 
quaterphenyl with two carboxylic acid groups bonded to the two inner phenyl rings as 
the substituents has a higher band energy gap, 9.9eV than any o f the other p- 
quaterphenyl substituted systems that have been examined. This is possibly due to the 
bulkiness (i.e. steric hindrance) o f the two carboxylic acid groups trying to move 
further away from one another and from the phenyl ring system.
106
Chapter 4 Semi Empirical Results and Discussion
Table 4.13: HOMO and LUMO values of the geometry optimized p-quaterphenyl with 
specific substituents placed along the backbone
Molecules
LUMO
Energy
(eV)
HOMO
energy
(eV)
MOPAC
Band
gap
energy
(eVf
GRAD/
GNORM
(kJmor1)
-0.50 -8.79 8.29 0.01
^CH,
o = c
0 khC ( ~ v~ }- 0
c = o
HjC
-0.53 -9.20 8.67 0.008
H.C
c = o
0=cv
-0.64 -9.04 8.4 0.01
” \ = o -0.77 9.13 -9.9 0.008
d Band energy gap approximated as EHOMo’ Elumo-
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4.8 Semi Empirical Investigation on the Heats of Formation 
and Dipole Moments of p-Quaterphenyl and p-Quaterphenyl 
Analogues
The two substituted quaterphenyl ring with R = -(C=0 )CH3 display a closer band 
energy gap than the quaterphenyl ring system possessing two carboxylic acid groups. 
However, the position o f the two substituents on the phenyl rings does have an effect 
on the band energy gaps. In the first instance, where the two substituents are present 
on the two inner phenyl rings, the band energy gap is 8.67eV.
Figure 4.8 Depicts the p-quaterphenyl structure with two -(C=0)CH3 present on two 
different phenyl rings
&
8.00 Angstroms
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Table 4.14 Show the Heats of formation (AHf°) and the dipole moments (Debye) for 
simulated structures with the indicated substituents
Simulated molecule studied Heat of Formation 
(kJmor1)
Dipole Moment 
(Debye)
G-OOXD 97.21 0.00
Oh
16.43 1.72
O-O-C/O
o=c
CHj
17.18 3.06
no
c=o
o=c
OH
-76.80 4.74
In the second instance, where substituents are present on the first and second phenyl 
ring this system has a band energy gap of 8.4eV. Therefore, theoretically the latter 
substituted system is a better ‘conducting material’ when compared with the other 
systems studied.
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4.9 Discussion
In this study molecular orbital methods were used to calculate physical and electronic 
properties for differing substituted p-triphenyls and p-quaterphenyls comparisons 
were made with actual experimental data of simple, straight chained poly(p- 
phenylene)s from the literature.6,7 The semi-empirical studies o f the ‘cross-linked’ 
(ADH) system were successfully optimised. The molecular orbital methods (PM3 ) 
used appear to produce more accurate results (for the geometry) than the molecular 
mechanical method when they are compared with the literature experimental data. 
This may be due to the use o f appropriate semi-empirical parameters.
4.10 Band Energy Gap
It is common in physical organic chemistry to compare linear free energy
relationships based on the Hammett equation This approach has been extended in
computational chemistry to QSAR (Quantitative Structure Activity Relationships).
The calculated band gaps have been plotted against the Hammett substituent
constant16’17 for the series molecules in order to see whether there is any trend with
the substituent, (see Figure 4.3) defining the hydrogen atom in the ortho position. For
the simulation with the -(C=0)Br substituent, two calculations were performed with a
different value o f the RMS force. The more accurate value (1 x 10'5 kJmol^ RMS
force) gives a band gap of 8.36eV (Table 4.7), compared to 8.15eV with a 4 x 10’3
kJmol’1 RMS force. Hence, the data were compared at one value of RMS force chosen 
 ^ 1
as 4 x 10' kJmol'. Naturally, this comparison should be based on free energies but as 
a first approximation, semi-empirical energies can be used and the result o f this is 
shown in Figure 4.3. One may conclude from this graph that the scaled band gap 
values are increased from the value for the unsubstituted case i.e. R = H, when the 
substituents are -(C=0 )NH2, -CHO,
-(C=0 )0 CH3, -(C=0)0H, or -(C=0 )N0 2  (see Table 4.7). Therefore, adding these 
substituents causes the band gap to increase and thereby reduces electrical 
conductivity. This is an interesting finding as these substituents were chosen to 
exemplify both electron donating and withdrawing properties and -(C=0 )N0 2  is the 
most electron withdrawing group and also the most sterically hindered group of the 
above suggesting that there seems to be an effect o f steric crowding on conjugation.
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However, there is a larger effect when the substituents are -(C=0)C1, -(C=0)I, - 
(C=0)Br and -(C=0 )CH3. The carbonyl group has the smallest effect and the -  
(C=0)C1 group has a much lower effect when compared with the other halogenated 
compounds. It may be that with the degree o f accuracy that is being used the deviation 
from linearity for these two is not significant. However, if  this is borne out in 
experiment then both -(C=0 )CH3 and -(C=0)C1 would act to increase the band gap 
and hence reduce the conductivity o f the polymer. The remaining two substituents, 
both -(C =0)I and -(C=0)Br (see Table 4.7) have much closer band energy gap 
thereby increasing the conductivity when compared with the band energy gaps 
(8.39eV and 8.15eV, respectively) o f the experimental poly(p-phenylene) (calculated 
as 8.52 eV).
On comparison with the p-terphenyl and p-quaterphenyl systems it can be concluded 
from the studies that substituents have subtle geometric effects on the phenyl ring 
systems, and hence effect the conductivity o f molecules. There is no significant band 
energy gap difference between the p-terphenyl and p-quaterphenyl systems although 
the band energy gap was slightly wider in the p-quaterphenyl systems. The former 
system (p-terphenyl) has a lower band energy gap and therefore from the calculation 
carried out is a better conductive system.
The various cross-linked ADH systems illustrate readily that they are poor conductors 
(i.e. their band energy gap is wider) as when bonded to the p-terphenyl systems, a 
band energy gap o f 10.2 eV was obtained.. Therefore, it is important to state that any 
synthetic work involving the use of ADH to crosslink a simple poly(p-phenylene) 
system will widen the overall band energy gap and make it a poorer conductor.
I l l
Chapter 4 Semi Empirical Results and Discussion
4.11 Heats of Formation and Dipole Moments
The MOP AC program was used to obtain the heats of formation and dipole moments 
from all the simple molecules investigated in this project. The results o f the gas phase 
systems are presented in Table 4.8. The substituted p-terphenyls having the following 
heats o f formation; -(C=0)CH3, 32.93 kJmol'1; -(C=0)C1 34.15 kJmol'1; -CHO 
40.02kJmol'\ -(C=0)Br 43.20 kJmol' 1 and -(C=0)I 60.46 kJmol'1) fall among the 
values attained for the experimental p-terphenyl ( 71.60 kJmol*1)6 and the R group 
substituted molecule -(COOH) (13.64 kJmol'1) which has the lowest heat o f 
formation value. On examination of Table 4.8 it can be seen that only the acetyl and 
the carboxyl substituted molecules have a negative AH/ and therefore can be assumed 
to be prepared more readily than the others in the series. The molecule bearing, - 
(CH)=CH-CH3 possessed a heat o f formation o f 81.52 kJmol' 1 which could relate to 
the extra bonds present in the molecule and therefore make the heat o f formation 
larger when compared with the unsubstituted p-terphenyl. The electric dipoles reflect 
the distribution of charges within the molecule. The calculated dipole moment (see 
Table 4.8) for the molecule which has -COOH as its substituent has the largest at 4.53 
Debye and is also larger than the substituted p-terphenyls and unsubstituted p- 
terphenyl itself which has a dipole moment o f 0.00 Debye, whilst p-terphenyls having 
larger, heavier atoms such as -(C =0)I (3.52 Debye) and -(C=0)Br (3.41 Debye) 
show large dipole moments. It is important not to make much o f the results at this 
level o f approximation and only consider trends in the data.
The p-quaterphenyl system having the two carboxylic acid groups bonded on to the 
outer two-phenyl rings is an important molecule to be discussed as it was chosen as a 
synthetic intermediate for the formation o f the ADH cross-linked p-quaterphenyl (see 
Chapter 3). The calculation shows this p-quaterphenyl system to be a good conductor 
(i.e. the band gap is lower) than compared with the other p-quaterphenyls possessing 
substituents. On the assumption that if entropy and temperature were constant over the 
system in the free state then AGe can be assumed to be proportional to AH/, then the 
heat o f formation for the system possessing two -(C=0 )CH3 is -76.80 AH/ This 
indicates that molecule is the ‘best’ molecule to synthesize from the calculation.
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4.12 Conclusion
Semi-empirical molecular orbital calculations using MOP AC version 6.0, geometries 
and models that are generated in chapter 3 show improved optimisation o f geometries, 
particularly where heavy atoms (e.g. bromine) were present.
Band gap calculations were performed using Koopmans’ theorem and when scaled 
with a scaling factor of 0.32, yielded good energies for the band gaps. The latter 
showed that the band gap energies where strongly influenced by the nature o f the 
sustituent. Hence the systems possessing substituents are predicted to be poorer 
conductors.
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Chapter 5 Synthesis and Characterisation
5.0 Synthesis and Characterisation of Materials
This chapter outlines the experimental work undertaken to support the previous stage 
of the thesis, which described the molecular the modelling o f the oligomeric p- 
phenylene. This enables direct comparisons to be made between modelled and 
experimental results and these will be discussed later within this chapter.
Many different techniques both classical and specific were used in the identification 
of the desired oligomers and the newly formed semi-conducting polymer. These 
techniques included elemental analysis along with other, such as infrared (IR) and 
nuclear magnetic resonance (NMR) spectroscopy and these are all briefly described in 
the next section.
5.1 Characterisation Techniques: Fourier Transform Infra Red 
(FTIR) Spectroscopy
FTIR spectroscopy is employed to define certain atomic arrangements within a 
structure and it can indicate functional groups present in a molecule. An isolated 
molecule possessing N atoms has (3N-6) normal modes of vibration, consisting o f a 
complex mixtures o f bond deformations and stretches. The infra red spectrum arises 
from the absorption of radiation, and the frequency with which it does so is resonant 
with the vibrational transition. The intensities and frequencies are sensitive to 
chemical structures and the observation o f bands in well-defined ranges may indicate 
the presence o f characteristic functional groups. The FTIR instrument used to analyse 
both the starting materials and oligomer synthesised was a Perkin Elmer System 2000 
spectrometer, interfaced to a computer using software written by Perkin Elmer. The 
sample was presented for analysis-using vacuum dried KBr and formed into small, 
thin disks.
5.2 Nuclear Magnetic Resonance (NMR) Spectroscopy
NMR spectroscopy is widely used for the analysis and characterisation o f chemical 
compounds and was used to confirm reaction through characterising the oligomer.
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The observation o f NMR signals is possible because some atomic nuclei have an 
angular moment and these are described as from quantum mechanics by the spin 
quantum number, I. Within the magnetic field the spin states become non-degenerate 
and the transitions between the two levels are detected. The observed frequencies 
depend on the strength o f the magnetic field and the magnitude o f the magnetic 
moment. Both *H and 13C are important nuclei in this context and these are used to 
characterise the starting material and also the oligomer unit more fully. In this work a 
Bruker AC-300 spectrometer was used operating at 300.1 MHz for the proton studies 
and 68.2 MHz for the carbon studies. Normal Bruker software was used to acquire 
and obtain the produced spectra at 298 K. Samples were run in CDCE, CD3OD for the 
*H. In the *H NMR determinations the following abbreviations are used: s = singlet, d 
= doublet, t = triplet and m = multiple!
5.3 Microanalysis
Elemental analysis and percentage compositions o f carbon and hydrogen were 
obtained by Ms. Nicola Walker (University o f Surrey) using a CE-440 elemental 
analyser through a thermal conductivity detection method.
5.4 Experimental Conductivity Measurements
The actual experimental was kindly undertaken by a laboratory technician at Kingston 
University. The poly(p-phenylene) was finely ground and pressed into thin disk and 
painted carefully (with the following dimensions: depth of 2 mm, diameter 10mm) on 
the edges with silver so as to provide contact with the two probes. The disk was 
carefully placed into an inert cradle-like holder with tiny pins which were then twisted 
to making contact with the disk’s silver coated edges. A Keithley programmable 
electrometer was used to measure the the conductivity o f the substituted PPP and the 
impedance data were collected using a Hewlett-Packard 4192A LF Impedance 
Analyser controlled by an Opus V IMB compatible computer. The data were then 
analysed using EQUIVCRT software to construct complex impedance/admittance 
plane plots from which resistances could be obtained.
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5.5 Commercially Sourced Chemicals and Solvents
Since this project is concerned with the production o f polymers for commercial 
applications grade materials were used o f the highest purity available. A table 
showing the relative molecular mass, purity and sources of chemicals (and general 
solvents) used for this work is given in the Appendix C.
5.6 Synthesis of Dibromodiphenic Acid via the Suzuki Cross- 
Coupling Reaction
The following reaction below was based on the work of Wallow and Novak1 using the 
Suzuki cross-coupling reaction with a few modifications. 2-8 Into a 300 ml, 3 necked 
round bottom flask, equipped with a thermometer (-10°C to 150°C), a magnetic stirrer 
and dropping funnel, was added, 2-amino-5-bromobenzoic acid (6.0 g) dissolved in 
3N sulphuric acid, (100ml). The mixture was cooled to 0°C in an ice bath and then 
sodium nitrite (2.0 g) was carefully added. To this solution was added finely ground 
copper oxide, made from copper(I) chloride, in ammonia (density d = 0.88 g cm"3, 15 
ml). The mixture was stirred and temperature kept well below 20°C. After an hour, 
the mixture was heated to boiling with an oil bath and then hydrochloric acid (50 ml) 
was added to the hot solution. The formation o f the thick bluish green precipitate was 
replaced by a pale yellow granular solid o f crude dibromodiphenic acid. The liquid 
from this crude product was subsequently removed by suction filtration.
In order to purify the dibromodiphenic acid the following procedure was followed so 
as to ensure an improved yield o f the final product, dibromodiphenic acid. Into a 250 
ml glass beaker was placed 2-amino-5-bromobenzoic acid (10 g) and to this added 
was a minimum volume o f hot solvent containing ethanol: distilled water (60:40). 
This was allowed to warm and boil before being filtered under vacuum. The solution 
was then dried in vacuo at 45°C, for a few days to ensure the removal o f any residual 
ethanol and water from the compound.
Recrystallisation o f the crude 2-amino-5-bromobenzoic acid was carried out using o f 
hot ethanol to yield pale golden crystals. A reaction vessel was charged with the 
following materials: acetic acid (50 ml), water (20 ml) and zinc powder (3 g). The 
crude dibromodiphenic acid was added to this mixture and allowed to boil for 3 hours,
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then a spatula o f charcoal was added. The hot solution was filtered, under vacuum 
using Hirsch funnel containing, a layer o f celite to prevent any charcoal grains passing 
through. The clear golden yellow solution was then cooled down to produce the crude 
product, to which was added a small amount of ice cold water. The purified product 
was filtered off using a Hirsch fimnel to yield a sandy brown coloured solid was 
obtained. Once throughly dried golden coloured solid needles was produced. The 
calculated theoretical yield 9.34g and actual yield 3.5g, 37%, Melting point; 275- 
276°C, (lit. 277-8°C)9, Elemental analysis calculated for Ci4Hg0 4 Br2 : C 79.6 %, H 
4.0% N; 0.0%; Found C 50.6%, H; 4.1% and N; 0.7%.
Figure 5.1 Reaction scheme for the preparation of dibromodiphenic acid
H2S 0 4, NaN02
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Figure 5 .21HNMR spectrum of dibromodiphenic acid
*H NMR (300MHz, CDC13, ppm from TMS),(4H 2x CO2H plus impurities), 7.79 
(2H, d 2 Ar-Ha, J  = 2.3Hz), 7.63 (2H, d o f d, 2 Ar-Hb, J= 6.5 Hz), 6.9 (2H, d o f d, 
2Ar-Hc, J= 8.9 Hz).
Figure 5.3 FTIR spectra of dibromodiphenic acid
3100.99
2900.36
1474.23 
1 $54.20
1 ’ j 597.07- t 
' 739.62 527.41
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FTIR (KBr plates) cm'1; 3001 (Ar-H stretch), 2980 (C-H stretch), 1708 (very strong, 
dimeric C=0 stretch), 1585, 1552 (medium Ar C=C stretch), 903 (medium Ar-H out 
of plane bend), 939 (broad, O-H out of plane bend) and 824 (strong Ar-H out o f plane 
bend).
5.7 Synthesis of substituted Poiy(p-phenylene)1'6
To a nitrogen-flushed, 125 ml Schlenk flask equipped with a Leibig condenser were 
added PdL34,5' 7’8> 10' 11 (0.074 g 0.06 mmol) (where L = P^HsMm-CsIitSOsNa) of 
Ws-boronic acid8 (0.5878 g, 2.00 mmol) and dibromodiphenic acid (0.800 g, 2.00 
mmol). A aliquot o f thoroughly degassed buffer solution 60 ml, consisting o f 70% 
0.2M NaHCOa/HOAc (pH 8.00) and 30% N, A-dimethylformamide (DMF) was 
added. The reaction mixture was heated to 85°C for 10 hours under a nitrogen 
atmosphere. The resulting fluorescent solution was poured into dilute aqueous HC1 
(5% w/v) and allowed to stir at room temperature for 2 days. The polymer was 
collected by centrifugation and washed with deionised water (4 x 20 ml). The polymer 
was dissolved in 0.1M Na2CC>3 filtered and reprecipitated with dilute HC1. Following 
centrifugation and repeated washings with aliquots o f water (2 0  ml), the polymer was 
washed with ethanol, (95%, 2 x 20 ml) then dried in vacuo at 50°C for 48 hours and 
the compound kept over P 2 O 5 .  The material obtained was a white gelatinous solid 
which eventually became a pale yellow powder on standing. A thin disk was prepared 
for the conductivity measurements, see section 5.4 within this chapter. The calculated 
theoretical yield 0.79g and actual yield 0.35g, 44%. Elemental analysis calculated for 
C20H16O4 : C; 75.0% H; 0.05% Found C; 41.6% H;1.7%. The elemental analysis 
results are poor in relation to the actual calculated figure. The likelyhood o f this 
could be contributed to aromatic and aliphatic compound still reamaining.
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Figure 5.4 Reaction scheme for the formation of the substituted poly(p-phenylene)
n +  n
1.5 mol% Palladium catalyst 
hfeO, 30% DMF,
NaHCOs, 10 hrs, 85°C
Figure 5.51H NMR of substituted poly(p-phenylene)
a ,b, c
*H NMR (300MHz, D20 , ppm from TMS); 7.5 (complex multiplet), 2.9, 2.75
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Figure 5.6 FUR of substituted poly(p-phenylene)
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FTIR (KBr plates) cm'1; 3001 (Ar-H stretch) and 2980 (C-H stretch) 1708 (weak 
anhydride C=0 stretch)6, 1468, 1390, 1365 and strong 1335 (C-H out o f plane 
bending modes), 829, 749 and 634 (Ar-H out o f plane bend 1,2,4 trisubstituted ring). 
The yield and purity o f dibromodiphenic was improved greatly by the following 
changes being made to the method. The cuprous(IV) chloride being finely milled 
down using a pestle and motar and carefully added into the reaction vessel. The 
reaction was more vigorous this allowed for greater surface area to volume ratio o f the 
catalyst. The reaction was carried within a three necked glass stoppered round bottom 
flask (500ml), rather than the experiment originally being carried out in a beaker. The 
dibromodiphenic acid was found to soluble several types o f general organic solvents 
such acetone, diethyl ether and various ratios o f petroleum ether. Dibromodiphenic 
acid was dried thoroughly over calcium carbonate within drying pistol set at 45°C for 
under a vacuum for period o f a week to remove residual moisture and any solvents.
5.8 Synthesis of 2,7-Dibromophenanthraquinone
The preparation was carried out according to the method reported by Bhatt12 and
,  n
Criegel . Phenanthraquinone (4.0 g; 19.2 mmol), bromine (6.7 g; 42 mmol) and water 
(15 ml) were added within a high-pressure sealed tube and left for 18 hr, with stirring, 
at 150 °C. Upon completion o f the reaction the solution was cooled to room
1 \i
634.13
749.87
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temperature and filtered. The residue was placed in boiling acetic acid (400 ml) and 
filtered hot to give the 2,7-dibromophenanthraquinone as a bright orange solid.
Figure 5.7 Overall reaction scheme for the preparation of 2,7- 
dibromophenanthraquinone.
150°a 18hr
Figure 5.8 The proposed mechanism for the preparation of 2,7- 
dibromophenanthraquinone
H Br^—
Br
HBr
jvwwvwv rest of the molecule ( i.e. shown for one half only)
The remaining organic fraction comprising a mixture o f un-reacted 
phenanthraquinone, is a yellow solid and presumably monobrominated material as 
evidenced by its darker red-brown colour, while the 2,7-dibromophenanthraquinone is 
a bright orange solid. The residue was returned to the high-pressure sealed tube with 
bromine (3 g) and water (15 ml) and heated to 150 °C for a further 12 hr. Upon 
cooling, the mixture was filtered and the residue placed in boiling acetic acid and 
filtered to give the 2,7-dibromophenathraquinone. Figure 5.7 shows the overall 
reaction and Figure 5.8 depicts the proposed mechanism for stage 1 respectively. 
Yield 2.0 g, 28.5 % theoretical 7.0g, Melting point, 305-306 °C (lit 320-321°C) and 
elemental analysis expected for CuHgC^B^ : C 46.0% and H 2.0% found C; 53.0% 
and H;1.8%. 1Hnmr (Figure 5.9) shows some evidence o f impurity containing both 
aromatic and aliphatice structures and this likely to account for the realtivley poor
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agreement in the elemental analysis. The presence o f polyhalogenated structures could 
also contribute to this.
Spectral Analysis
Figure 5.9 1H NMR spectrum of 2,7- dibromophenanthraquinone 300MHz
CDC1;
cj^ c
'H NMR (300MHz, CDC13, ppm from TMS); 7.6 (s, 2H, 2x ArH ./= 2.3Hz), 7.2 (d, 
2H, 2x ArH, J= 1.1 Hz), 2.4 (unidentified impurity).
Figure 5.10 FTIR spectrum of 2,7, dibromophenanthraquinone
1000,0 3000 2000
cm* I
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FTXR (KBr plates) cm'1; 3439 (residual O-H stretch), 3092 (Ar-H stretch) 2991 (C-H 
stretch), 1673 (C=0 conjugated stretch), 1583 (aromatic carbon-carbon stretches), 
1469, 1448, 1400 and 1283 (C-H deformation), 834, 769 and 704 (Ar-H out o f plane 
bend 1,2,4 trisubstituted ring).
5.9 Synthesis of 2,7-Dibromo-9,10-diethylphenanthrene- 9,10- 
diol
The reaction described in this method was based on the work by Hall et ol. 14 To a 
stirred solution o f magnesium (1.56 g; 22 mmol) in dried ether (60 ml) was carefully 
added methyl iodide (9.3 g; 22 mmol) under dry nitrogen. A vigorous reaction ensued, 
after which more diethyl ether (60 ml) was added (the apparatus was dry assembled 
while warm/hot, under a flowing blanket of dried nitrogen). Upon the consumption of 
the magnesium the solid 2,7-dibromophenanthraquinone (6.0 g; 5.5 mmol) was then 
added and the mixture refluxed for 16 hours. Upon completion, the solution was then 
allowed to cool to room temp and then poured over ammonium sulphate (1 0  g) and 
ice (200 g). The slurry was allowed to warm to room temperature and an extraction 
with diethyl ether (2 x 100 ml) was performed. The combined organic extracts were 
then filtered and the solvent removed by evaporation. Petroleum ether (60-80 °C; 50 
ml) was poured over the residue the un-dissolved material was found to be 2,7- 
dibromo-9,10-diethylphenanthrene-9, 10-diol as a pale off-white solid. Theoretical 
yield 7.4g, actual yield 3.37g, 45.5%, Melting point, 156-157°C (lit. 163-164°C)14 and 
elemental analysis expected for CieHnB^C^; C; 48.0% and H; 4.0%, found C; 49.6% 
and H; 3. 7.0%.
Figure 5.11 Reaction scheme for the preparation of 2,7-dibromo-9,10- 
diethylphenanthrene- 9,10-diol
o o OH OH
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Figure 5.12 Proposed mechanism for the preparation of 2,7-dibromo-9,10- 
diethylphenanthrene-9,10-diol
Br
Mg, CH3I
// A Br
!—c
'C T M gl' XCH,
1AAW W W V rest of the molecule ( i.e. shown for one half only)
/ /  \ ■Br
C
I M g — Q /  X c H 3
H —O H
/ /  \ Br
i —c
H (/ XCH3
Spectral Analysis
Figure 5.13 1HNMR spectrum of 2,7-dibromo-9,10-diethylphenanthrene-9,10-diol
Chh
HO OH
45, C
i » w " r i ■-r-'i - ' . - r -
o s  7. s  7 .0 e . s  e . 0  s . 5 s . s  4 . 5  4, a  s . s  3 . a 2 . 5  2 . a 1 . 5  l . n
'H NMR (300 MHz. CDCI3, ppm from TMS); 7.86 (s, 2H, 2xArHa), 7.52 (m, 4H, 
2xArHb plus 2x ArHc), 2.30 (bs, 2x OH), 1.35 (s, 6 H, 2xCHd). Also observed in the 
spectrum is unreacted starting material.
127
Chapter 5 Synthesis and Characterisation
Figure 5.14 FTIR spectrum of 2,7-dibromo-9,10-diethylphenanthrene-9,10-diol
I
4000.0 3000 2000 1500 1000 500 400.0
cm-!
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FTIR (KBr plates) cm'1; 3408 (broad O-H stretch), 3000 (Ar-H stretch), 2981 and 
2932, (C-H stretch), 1678 (some residual C=0 remaining), 1596, (aromatic C-C 
stretches), 1462, 1407, 1363, 1316 and 1260, (C-H deformation), 1186, 1148, 1131 
and 1097 (C-0 stretch), 8 8 8 , 806 and 731, (1,2,4, trisubstituted out o f plane bend), 
731 and 683 (C-Br stretch).
5.10 Synthesis o f2 ,2 ’-diacetyl-4,4’-dibromobiphenyl
The synthesis o f the above dibromophenyl compound was carried out using the 
method by Hall et al.u Into a 250ml 3-necked round-bottom flask 2,7-dibromo-9,10- 
dimethyl-9,10-dihydrophenanthrene-9,10-diol (1.0 g; 2.5 mmol) was stirred into 
acetic acid 950 ml) and heated to 70 °C. Into another 100ml round-bottom flask, 
chromium trioxide (0.25 g; 2.5 mmol) was then added to a solution o f acetic acid (20 
ml) and water (17.5 ml) and heated to 70 °C. After 1 hour the chromium solution was 
carefully poured over a 10-minute period into the diol solution. The solution was then 
left for 12 hours stirring and heated to 70 °C. After this period the solution was cooled 
down and poured over ice. Once the ice had melted, and the organic material had been 
extracted with diethyl ether, the solvent was removed by evaporation to yield 2 ,2 ’- 
diacetyl-4,4’-dibromobiphenyl as a pale yellow residue. The product was purified 
using ethylacetate and rotary evaporator, to remove further residual impurities. 
Theoretical yield 0.96g, actual yield 0.6g 62%, Melting point 91-92°C (lit. 94-95°C) 
15, elemental analysis expected for CigHigB^Oi C; 48.1%, H; 3.0%, Found C; 49.1% 
H; 3.5%.
Figure 5.15 Illustrates the overall synthesis of 2,2’-diacetyl-4,4’-dibromobiphenyl
CH,
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Figure 5.16 The proposed mechanism for the formation of 2,2’-diacetyl-4,4’- 
dibromobiphenyl.
H20  + Cr^ + Br 
0  O
v^wvwwv' rest of the molecule ( i.e. shown for one half only) 
Spectral Analysis 
Figure 5.17 1HNMR spectrum of 2,2’*diacetyl-4,4’-dibromobiphenyl
'H NMR (300MHz, CDCl3, ppm f  rom TMS); 7.9 (s, 2H, 2xArHa), 7.6 (d o f  d, 2H, 
2xArHb) 7.0 (d, 2 H, 2 xArHc) and 2.36 (s, 6 H, ArCOCH3).
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Figure 5.18 FTIR spectrum of 2,2’-diacetyl-4,4’-dibromobiphenyl
62  J
5 0 .
36.
1500
■1
FTIR (KBr plates) cm'1; 3445 (broad O-H stretch), 2979 and 2968 (aliphatic C-H 
stretch), 1688 (strong, C=0 stretch), 1581 (aromatic C-C stretches), 1463, 1408, 1354 
and 1232 (C-H deformation), 1180, 1096 and 1002 (C-O stretch), 885, 811 and 763 
1,2,4,- trisubstituted out o f plane bend), 733, 683, 541 and 485 (C-Br stretch).
5.11 Conductivity Measurements
Polymers are dependable as insulators and they are often used as protective coatings 
around wires. However, they may conduct electricity under the light conditions and 
the conductivity o f conducting polymers extends across a wide range dependant on 
doping material used. The theory behind the transport o f conduction has been briefly 
discussed; a general description is given in Chapter 1 and a detailed explanation can 
be sourced in several books. 16
Fundamentally, the properties o f electronic conductive polymers depend on an 
extended polyconjugated structure (i.e. possessing alternating single and double 
bonds). The overlapping orbitals within these particular conjugated bonds promote the 
movement of either electrons or holes or the addition o f electrons. It should be noted 
that measurements achieved were collected from undoped poly(/?-phenylene).
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The conductivity measurements were performed by a technician at Kingston 
University using the methodology outlined on page 2 o f this chapter. Table 5.1 shows 
the resulting data expressed in terms o f the sinusoidal voltage(v) and the resulting 
sinusoidal current (I).
Table 5.1 Data of the conductivity measurements of the synthesised PPP.
1 (Amps) v (Volts)
-4 x10’° 4.09
-3x10'u 5.45
-2x1 O'8 8.36
00bVXi 10.57
0 11.89
1x 10' 13.68
2x10‘2 15.33
By plotting I versus v, it is possible to derive an approximately linear graph.
Figure 5.19 Conductivity measurements of the obtained PPP by the Wallow and Novak6 
method using a Keithley 617 programmable Electrometer
—♦— S enesl 
 Linear (Series 1)
-5.E-08 -4.E-08 -3.E-08 -2.E-08 -1.E-08 0.E+00 1.E-08 2.E-08 3.E-08
Current Amps (I)
16 -
14 -
10 -
y = 2E+08X + 11.829
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5.12 Discussion
Despite having made changes to the preparative dibromodiphenic acid route trace 
amounts o f solvent were still found to be present in the compound, see Figures 5.2 and 
5.3  for the !HNMR and infrared spectra respectively. Attempted preparation of the 
crosslinked dibromodiphenic acid via the conversion of the carboxylic acid groups 
into ketones using thionyl chloride, but this route too was also unsuccessful as the 
material was found to be unstable in the presence o f air and dimerised and therefore 
different routes, described below, were used.
The yield o f the substituted polymer obtained was lower than that reported in the 
literature. The material obtained was observed to be insoluble in several organic 
general solvents and combined mixtures o f such as acetone and diethyl ether. 
However, the compound produced was readily soluble in water- an ideal quality for 
this particular type o f material. The separation o f unreacted dibromodiphenic acid 
with produced material was difficult to achieve. The final product was not soluble in 
any general organic solvent so column chromatography was not an acceptable path to 
undertake to remove any impurities and retrieve the polymer, again this was also 
reported in the literature.
The work carried out on the synthesis and characterisation o f 2,7- 
dibromophenanthraquinone was successful. At the end o f the first stage o f the reaction 
the pure product was always a brilliant orange solid although impurities were 
observed. The 2,7- dibromophenanthraquinone compound was a finely divided 
powder at room temperature when all the remaining acetic acid was finally removed. 
Unfortunately, the compound was insoluble in several general organic solvents in 
varying combinations o f such as petroleum ether, acetone and diethyl ether. The 
compound, 2,7- dibromophenanthraquinone was found to be soluble in boiling acetic 
acid. The compound obtained from stage one, although possessing a few impurities, 
was analysed by FTIR and *H NMR spectroscopy and elemental analysis and all data 
were consistent with the target compound in Figure 5.7. However, the bromination 
step was repeated six times in order to yield sufficient quantities o f the 2,7- 
dibromophenanthraquinone (approximately 10 g) for the next stage of the synthesis. 
The average yield obtained from this stage was 30 %. Any adjustments made were
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carried out, only when the high-pressure tube had completely cooled down, after at 
least two hours. The other practical difficulty with this method was the separation of 
the starting material phenanthraquinone (a yellow powder) and the partially 
monobrominated phenanthraquinone (a darker orange solid) from the final product 
dibromophenathraquinone (a brilliant orange solid). An observation made from this 
reaction was found that penanthraquinone is insoluble with water at room temperature 
but was found to be soluble with water under high-pressure. The major limitation of 
the bromination o f phenanthraquinone was being kept under high-pressure for long 
periods o f time (24 -48 hours) with low yields being obtained.
The conversion of the ketone group using a Grignard reagent produces a tertiary 
alcohol. In the penultimate stage this method was also successfully achieved. The 
compound changed from the brilliant orange solid to pale white (beige) flakes o f solid 
when thoroughly dried in vacuo for 48 hours over calcium carbonate. This method 
produced a high yield each time especially when compared with the former method. 
However, impurities were also present in the final compound and it was difficult to 
find the correct solvent ratio for the column chromatography to purify the residue.
The final stage, whereby the two alcohol functional groups on dibromo-9,10- 
dimethyl-9,10-dihydrophenanthrene-9,10-diol, are converted to the ketone group to 
produce 2,2’-diacetyl-4,4’-dibromobiphenyl was achieved and a yellow oily residue 
obtained. However, the FTIR spectrum showed evidence o f the precursor compound 
(see O-H stretch) this was followed by a further purification that yielded a cleaner *H 
NMR spectrum. A yield o f 40% was obtained from this final experiment and 
produced a compound that is relatively soluble in several types o f general organic 
solvents (e.g. acetone, petroleum ether and diethyl ether, etc.) This method uses 
chromium(VI) oxide, which is very harmful, the experiment was therefore carried out 
at very low molarities.
Typically, the infrared spectra o f all molecules containing a carbonyl group show a 
strong band in the region 1650-1850 cm' 1. 17" 37 An analysis o f the carbonyl stretching 
frequencies in various compounds possessing different types o f carbonyl compounds 
shows that the observed band results from the interaction o f several factors. Among 
these the following are important, a) the inductive effect; b) the physical state o f the 
compound; c) ring strain and vibrational coupling between neighbouring carbonyl
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groups; d) electronic and mass effects of neighbouring; e) solvent effects; f) 
enolization; and g) hydrogen bonding. The mesomeric effect occurs when the carbon- 
oxygen double bond is conjugated either with another double bond or with another 
lone pair of electrons. In this instance the carbonyl bond is polarized the force 
constant is smaller and the stretching bands are shifted towards the lower frequencies 
e.g. benzoquinones are shifted towards the frequencies 1689 cm'1, 1683cm'1, and 
1667cm'124 This phenomenon is observed in both the dibromophenanthraquinone (see 
Figure 5.10) and the 2,2’-diacetyl-4,4’-dibromobipheny 1 (see Figure 5.18) produced 
in the infrared spectrum in each case a strong band found at 1673cm'1 and 1688 cm' 1 
respectively.
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5.13 Conclusion
Following an unsuccessful attempt to polymerise an acetyl derivative, it has been 
possible to prepare and characterise 1.5g of a substituted poly(p-phenylene) oligomer 
containing carboxyl substitutes using a combination of reported methods. Overall 
yields for the four steps range from the 29-60%, but spectroscopic anaylsis (FTIR and 
H1NMR) revealed the presence of hydroxyl containing impurities (thought to arise 
from the step 2) in the final product. The conductivity measurements made on the 
impure sample oligomer formed using the Suzuki-coupling reaction showed the 
polymer conducted at room temperature with the value of 2x10"® Scm"2 which, 
compares well with another similar poly(p-phenylene), poly(p-phenylene) sulphide 
another semi-conductive polymer (see Figure 1.1 in Chapter 1).
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Chapter 6 Conclusion and Further Work
6.0 Conclusions
In this investigation computational molecular mechanics were used to optimise the 
energies and geometries of 77-terphenyl and /7-quaterphenyl and their analogues 
crosslinked with adipic dihydrazide (ADH). The Drieding 2.21 force field was used 
and proved to be a good overall force field when applied to very simple molecules.
The p-terphenyl systems studied in chapter 3 generally showed good optimisation 
except for systems where heavy atoms like bromine and iodine were present.
Systems that contained ADH were successfully optimised although the presence of  
several methyl groups in their structures caused the optimisation to take longer than 
‘rigid’ / 7-terphenyl systems. The high degree of conjugation present in poly(p- 
phenylene) systems is not well modelled by molecular mechanics and this proved by 
the varying torsion angles from -46.77 to 132.47° degrees and also by the differing in 
scaled band gap energies from 2.60 too 3.11 eV.
Semi-empirical molecular orbital calculations were carried out using MOP AC version 
6.0, on the models generated and described in chapter 3, showed improved 
optimisation of geometries, particularly where heavy atoms (e.g. bromine) are present.
Band gap calculations are performed using Koopmans’ theorem and when scaled with 
a scaling factor of 0.32, yielded good energies for the band gaps. The latter showed 
that the band gap energies where strongly influenced by the nature of the substituent. 
Hence the systems possessing substituents are predicted to be poorer conductors.
The synthesis o f oligomer of />-phenylene via a Suzuki coupling method is reported. 
The oligomer is characterised using a variety of spectroscopic techniques and 
elemental analysis. The effect of substitution is examined by incorporating carboxylic 
acid groups to produce a potential site for cross-linking. The poly(p-phenylene) is 
examined and an approximately linear response is obtained for voltage vs. current, 
yielding a d.c. conductivity value o f 2 x 10’8 Scin2. The latter compared favourably 
with the published data.
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6.1 Further Work
A number of areas of work have emanated from this research which would merit 
further study.
There is scope for improvement on the production of the dibomophenanthraquinone, 
which might result in improved yields but also lead to benefits in the latter stages. 
Refinements of the Suzuki cross-coupling method might be possible in the synthesis 
of poly(p-phenylene) while the same might be applied to the carboxylic acid 
substitute polymer to following the phenanthraquinone route. This would yield a 
series of polymers, for which d.c conductivity measurements might be made.
The majority o f the present work has been centered around the semi-empirical method 
and ab initio calculations should also be performed on the molecules to model their 
conductivity. The experimental values could then be compared with those from the 
semi-empirical, study correlated the electronic and structural data. Any correlations 
found could be used to adjust the modelled or synthesised molecules in such a way as 
to optimise the desired conductivity properties.
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Table A1 Energy data and z-matrix geometry for model with ° noh R group
Energy Decomposition KJmol'1
Terms Nonbond Terms
Bonds: 29.17 Van derWaals: 36.143
Angles: 6.97 Electrostatic: -3.32995
Torsions: 16.14
Inversions 1.55x1 O'2
Atom Bond/length
(A)
Bond/Angle
O
Bond/Torsion
n
Connectivity
045 I..............
C24 1.351 045
037 1.251 114.4 C24 045
C23 1.418 124.29 1178.7 C24 045 037
C2 1.429 123.76 [25.2 C23 C24 045
C4 1.412 123.6 3.9 C2 C23 C24
C5 1.415 120.56 -115.7 C4 C2 C23
C6 1.408 120.52 179.9 C5 C4 C2
C7 1.407 120.05 0.1 C6 C5 C4
C8 1.407 119.95 0.1 C7 C6 C5
C9 1.415 120.52 -179.7 C4 C2 C5
H16 1.024 120.39 179.9 C9 C4 C8
H15 1.023 119.95 180 C8 C7 C9
H14 1.024 120.01 180 C7 C6 C8
H13 1.023 120.01 -180 C6 C5 C7
H12 1.024 120.39 -179.8 C5 C4 C6
C1 1.416 119.49 178.3 C2 C23 C4
C3 1.404 121.06 -1.3 C1 C2 C23
C19 1.41 120.68 1-0.1 C3 C1 C2
C21 1.414 121.06 -179 C19 C3 |c T
C24 1.417 121.03 -50.9 C21 C19 C3
C27 1.408 120.8 -179.4 C24 C21 C19
C29 1.406 120.03 0 C27 C24 C21
C25 1.406 119.91 [-0.2 C29 C27 C24
C23 1.417 120.6 -179.6 C21 [C19 C24
H26 1.024 120.49 179.6 C23 C21 C25
H30 1.023 120.01 -179.9 C25 C29 C23
H32 1.023 120.09 179.9 C29 C27 C25
H31 1.023 119.97 179.7 C27 C24 C29
H28 1.024 120.42 179.2 C24 C21 C27
C18 1.421 118.16 -179.4 C23 C24 C2
H22 1.026 119.32 -178.9 C18 C23 C19
H11 1.024 118.87 -178.9 C3 C1 C19
H10 1.026 120.6 -178.9 C1 C2 C3
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H49 0.975 120.28 -178.4 045 C24 037
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Table A2 Energy data and Z-matrix definition for model with H h CH3 R group
Energy Decomposition KJmol~1_________________________________
Valence Terms Nonbond Terms
Bonds: 28.88 Van der Waals :33.35
Angles: 13.49 Electrostatic: 34.42
Torsions: 15.11
Inversions: 1.19 x10*2
Atom Bond/length
(A)
Bond/Angle
(°)
Bond/Torsionn
Connectivity
C4
C2 1.469 C4
C1 1.398 120.25 C2 C4
C3 1.387 119.98 -179.9 C1 C2 C4
C19 1.398 120.74 0.0 C3 C1 C2
C18 1.401 119.62 -0.3 C19 C3 C1
022 1.465 123.65 -179.7 C18 C19 C3
C53 1.335 123.53 51.1 C22 C18 C19
C54 1.479 122.96 178.0 C53 C22 C18
H64 1.098 110.44 -120.9 C54 C53 C22
H65 1.098 113.07 120.6 C54 C53 H64
H66 1.098 110.4 -118.8 C54 C53 H64
H63 1.099 120.64 179.2 C53 C22 [C54
H62 1.098 115.22 177.7 C22 C18 C53
C23 1.394 120.26 -180.0 C2 |C4 |ci
H20 1.097 119.69 180.0 C23 02 C18
C21 1.473 117.79 179.3 C19 03 jd8
C24 1.397 120.01 79.7 C21 C19 |C3
C27 1.39 119.88 -178.6 C24 C21 |C19
C29 1.391 120.16 0.0 027 C24 C21
C25 1.391 119.99 0.0 C29 C27 C24
C23 1.396 120.06 -178.6 C21 C19 C24
H26 1.095 119.86 179.9 C23 C21 [C25
H30 1.095 119.99 180.0 C25 C29 C23
H32 1.095 120 180.0 C29 |C27 |C25 ~
H34 1.095 119.84 180.0 C27 C24 C29
H28 1.095 119.81 180.0 C24 C21 C27
H11 1.096 119.86 179.9 C3 |ci C19
H10 1.096 119.88 180.0 C1 C2 C3
C5 1.397 120.21 47.3 C4 C2 C1
C6 1.39 120.08 179.9 C5 C4 C2
01 1.391 120.19 0.2 C6 C5 C4
C8 1.391 119.9 -0.1 01 C6 C5
C9 1.397 120.24 1^80.0 C4 C2 C5
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H16 1.096 119.79 -179.9 C9 C4 C8
H15 1.095 119.99 180.0 |C8 |C7 |C9
H14 1.095 120.05 180.0 C7 C6 C8
H13 1.095 119.83 -180.0 C6 C5 [C7
H12 1.096 119.79 -179.9 C5 C4 C6
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Table A3 Energy data and z-matrix definition for model with o /  Nr R group
Energy Decomposition KJmol~1__________________________________
Valence Terms NonbondTerms
Bonds: 28.26 vanderWaals: 30.66
Angles: 3.01 Electrostatic: 11.19
Torsions: 18.56
Inversions: 9.49x1 O'2
Atom Bond/length
(A)
Bond/Angle
n Bond/Torsion(°)
Connectivity
Br38
C22 1.975 Br38
037 1.184 118.65 C22 Br38
C21 1.466 107.43 178.7 C22 Br38 037
C19 1.401 121.64 99.2 C21 C22 Br38
C21 1.471 122.56 -0.5 C19 C21 C22
C24 1.396 120.5 -60.8 C21 C19 C21
C27 1.39 119.86 -178.4 C24 C21 C19
C29 1.391 120.21 -0.3 C27 C24 C21
C25 1.391 119.98 0.2 C29 C27 C24
C23 1.397 119.61 -178.4 C21 C19 C24
H26 1.096 119.84 179.9 C23 C21 C25
H30 1.095 120.03 180 C25 C29 C23
H32 1.095 120.02 -179.9 C29 C27 C25
H31 1.095 119.71 -179.8 C27 C24 C29
H28 1.099 119.83 -179.4 C24 C21 C27
C3 1.399 118.82 -180 C19 C21 C21
C1 1.387 120.78 0.4 C3 C19 C21
C2 1.398 120.26 -0.4 C1 C3 C19
C4 1.469 120.31 -179.9 C2 C4 C3
C5 1.397 120.13 -47.8 C4 C2 C4
C6 1.39 120.02 -179.9 C5 C4 C2
C7 1.391 120.18 -0.2 C6 C5 C4
C8 1.391 119.93 0.1 C7 C6 C5
C9 1.397 120.22 -180 C4 C2 C5
H16 1.096 119.89 179.9 C9 C4 C8
H15 1.095 120 180 C8 C7 C9 |
H14 1.095 120.03 180 C7 |C6 C8
H13 1.095 119.82 179.9 C6 C5 C7
H12 1.096 119.86 179.7 C5 C4 C6
C17 1.397 117.85 179.8 C21 C22 C19
H20 1.098 120.13 -179.6 C17 C21 C2
H10 1.097 120.03 -180 C1 C3 C2
H11 1.097 119.21 180 C3 C19 C1
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Table A4 Energy data and z-matrix definition for model witho /  N  R group
Energy Decomposition KJmol1__________________________________
Valence Terms Nonbond Terms
Bonds: 28.19 van derWaals :31.17
Angles: 2.73 Electrostatic :-2.66
Torsions: 17.51
Inversions: 5.85x1 O'3
Atom Bond/length
(A)
Bond/Angle
(°)
Bond/Torsion
(°)
Connectivity
1120
C93 2.054 1120
0123 1.187 119.83 C93 1120
[C18™™~ 1.471 108.11 -178.3 C93 1120 0123
C19 1.402 122.02 -128.6 C18 C93 1120
C21 1.473 122.71 1.6 C19 C18 C93
C23 1.396 119.91 -95.3 C21 C19 C18
C25 1.391 119.77 -178.7 C23 C21 C19
C29 1.391 120.17 0.2 C25 C23 C21
C27 1.391 120.03 0 C29 C25 C23
C24 1.396 119.98 -178.3 C21 C19 C23
H28 1.096 120.05 -180 C24 C21 C27
H31 1.095 120.03 -179.9 C27 C29 C24
H32 1.095 119.99 -179.9 C29 C25 C27
H30 1.095 119.8 -179.9 C25 C23 C29
H26 1.095 119.99 -179.7 C23 C21 C25
C3 1.397 119.14 179.6 C19 C18 C21
C1 1.388 120.69 0.1 C3 C19 jC18
C2 1.398 120.2 -0.1 C1 C3 C19
C4 1.469 120.22 179.8 C2 C1 C3
C5 1.397 120.14 47.8 C4 C2 C1
C6 1.39 120.03 179.9 C5 C4 C2
C7 1.391 120.18 0.2 C6 C5 C4
C8 1.391 119.93 -0.1 C7 C6 C5
C9 1.397 120.22 -180 C4 C2 C5
H16 1.096 119.9 -179.9 C9 C4 C8
H15 1.095 120 -179.9 C8 C7 C9
H14 1.095 120.04 -179.9 C7 C6 C8
H13 1.095 119.82 -179.9 C6 C5 C7
H12 1.096 119.87 -179.7 C5 C4 C6
C17 1.397 117.79 1 -vj CD C18 C93 C19
H20 1.099 1^20.39 -179.9 C17 C18 C2
H10 1.097 120.03 -180 C1 C3 C2
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H11 1.096 119.35 179.9 G3 C19 C1
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Table A5 Energy data and z-matrix definition for model with \  R group
Energy Decomposition KJ mol'1__________________________________
Valence Terms Nonbond Terms
Bonds: 28.93 van derWaals :31.63
Angles: 13.40 Electrostatic :26.22
Torsions: 15.95
Inversions: 1.02x1 O'2
Atom Bond/length
(A)
Bond/Angle
O
Bond/Torsion
(°)
Connectivity
H45
C24 1.104 H45
037 1.211 120.13 C24 H45
C17 1.487 116.36 178.6 C24 H45 037
C2 1.402 120.23 1.6 C17 C24 H45
C4 1.473 121.97 0.1 C2 |C17 C24
C5 1.396 120.02 -88.1 C4 C2 C17
C6 1.391 119.82 -178.9 C5 04 C2
C7 1.391 120.17 0.0 C6 C5 C4
C8 1.391 120.01 0.1 C7 C6 C5
C9 1.396 119.95 -178.7 C4 C2 C5
H16 1.095 119.92 -179.9 C9 C4 C8
H15 1.095 120.01 180 C8 C7 C9
H14 1.095 119.99 180 C7 C6 C8
H13 1.095 119.82 180 C6 C5 C7
H12 1.095 119.92 179.9 C5 C4 C6
C1 1.396 119.59 180 C2 C17 C4
C3 1.388 120.44 0.0 C1 C2 C3
C19 1.399 120.65 -0.1 C3 C1 C2
C21 1.47 120.71 -180 C19 C3 C1
C24 1.399 120.59 -0.1 C21 C19 C3
C27 1.389 120.57 -180 C24 C21 C19
C29 1.391 120.16 0.0 C27 C24 C21
C25 1.391 119.76 0.0 C29 C27 C24
C23 1.399 120.63 180 C21 C19 C24
H36 1.101 119.24 180 C23 C21 C25
H34 1.095 120.03 -180 C25 |C29 C23
H32 1.095 120.12 180 C29 C27 C25
H30 1.095 119.82 -180 C27 C24 C29
H28 1.101 119.21 -180 C24 C21 C27
C21 1.394 120.3 -180 C3 C24 C2
H22 1.104 119.75 180 C21 C3 C19
H18 1.101 120.18 -180 C3 C1 C19
H16 1.096 119.64 180 C1 C2 C3
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\Table A6 Energy data and z-matrix definition for model with ch* R group
Energy Decomposition KJmor1__________________________________
Valence Terms Nonbond Terms
Bonds: 28.22 van derWaals: 29.82
Angles: 3.32 Electrostatic >9.82
Torsions: 19.63
Inversions: 2.68x1 O'2
Atom Bond/length
(A)
Bond/Anglen Bond/TorsionO Connectivity
C45
C24 1.50 C45
037 1.21 122.99 C24 |C45
C23 1.49 115.06 178.1 C24 C45 |037
C2 1.39 121.71 79.2 C23 C24 C45
C45 1.47 121.91 0.8 C2 |C23 C24
C5 1.39 119.93 -96.4 C4 C2 C23
C6 1.39 119.84 -179 C5 C4 C2
C7 1.39 120.14 0 C6 C5 C4
C8 1.39 120.01 0 C7 jC6 C5
C9 1.39 120.03 -179 C4 C2 C5
H16 1.09 119.92 179.7 C9 C4 |C8
H15 1.09 120.02 -179.9 C8 C7 jC9
H14 1.09 119.98 -180 C7 C6 C8
H13 1.09 119.84 180 C6 C5 jC7
H12 1.09 119.91 179.8 C5 C4 lC6
C1 1.39 119.44 179.8 C2 C23 C4
C3 1.38 120.49 0 C1 |C2 |C23
fcl9 1.39 120.17 -0.3 C3 C1 C2
C21 1.46 120.3 -179.6 C19 C3 C19
C24 1.39 120.2 -47.5 C21 C19 C21
C27 1.39 120.06 -179.9 C24 C21 C24
C29 1.39 120.18 -0.2 C27 C24 C24
C25 1.39 119.92 0.1 C29 |C27 C25
C23 1.39 120.2 180 C21 C19 C23
H26 1.09 119.84 179.8 C23 C21 C25
H30 1.09 120 -180 C25 C29 C23
H32 1.09 120.04 -180 C29 C27 C25
H31 1.09 119.83 -180 C27 C24 C29
H28 1.09 119.83 179.9 C24 C21 027
C18 1.39 118.27 -179.9 C23 C24 02
H22 1.09 119.87 179.7 C18 C23 C19
H11 1.09 120.03 -179.7 C3 C1 C19
H10 1.09 119.52 -179.9 C1 C2 C3
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H46 1.10 109.89 123.3 C45 [C24 037
H47 ||1.09 110.2 1118.5 C45 C24 H46
H48 1.09 112.86 -120.7 C45 C24 H46
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o ^ \Table A7 Z-matrix definition for model with ° —CH3 R group
Atom Bond/length
(A)
Bond/Angle
(°)
Bond/Torsion
n
Connectivity
045
C24 1.36 045 |
037 1.26 117.2 C24 045 I----------------
C23 1.41 122.2 179 C24 045 037
C2 1.43 123.41 0 C23 C24 |045
C4C5 1.41 123.78 4.5 C2 C23 C24
C6 1.41 120.63 -113 C4 C2 C23
C5 1.40 120.5 -179.3 C5 C4 C2
C8 1.40 120.04 0 C6 C5 C4
C9 1.40 119.97 0 C7 C6 C5
H16 1.41 120.42 -179.2 C4 C2 C5
H15 1.02 120.32 179.9 C9 C4 C8
H14 1.02 119.98 -180 C8 C7 C9
H13 1.02 120.01 -179.9 C7 C6 C8
H12 1.02 120 -179.9 C6 C5 C7
C1 1.02 120.29 -179.7 C5 C4 C6
C1 1.41 119.62 178.3 C2 C23 C4
C3 1.40 121.03 -1.3 C1 C2 C23
C19 1.41 120.68 -0.1 C3 C1 C2
C21 1.41 120.88 -179.3 C19 C3 C4
C24 1.41 120.82 -52.7 C21 C19 C3
C27 1.40 120.8 -179.5 C24 C21 C19
C29 1.40 120.01 0 C27 C24 C21
C25 1.40 119.96 -0.2 C29 C27 C24
C23 1.41 120.76 -179.7 C21 C19 C24
H26 1.02 120.43 179.5 C23 C21 C25
H30 1.02 119.94 -179.9 C25 C29 C23
H32 1.02 120.08 179.9 C29 C27 C25
H31 1.02 119.98 179.7 C27 C24 C29
H28 1.02 120.36 179.3 C24 C21 C27
C18 1.42 118.7 -179.1 C23 C24 C2
H22 1.02 119.43 -178.8 C18 C23 C19
H11 1.02 118.9 -179 C3 C1 C19
H10 1.02 120.59 -179.1 C1 C2 C3
C49 1.43 127.7 0.6 045 C24 037
H50 1.09 109.26 179.7 C49 045 C24
H51 1.09 110.35 119.7 C49 045 H50
H52 1.09 110.39 -119.7 C49 045 H50
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Table A8: Z-matrix definition for model with H h~ CHa R group
Energy Decomposition KJ mol'1_________________________
Valence Terms Nonbond Terms
Bonds :32.89 Van derWaals:30.11
Angles :3.94 Electrostatic : 13.06
Torsions :18.15 
Inversions : 9.98 x 10-3 
Total Energy :98.15
Atom Bond/Length
(A)
Bond/Angle
(°)
Bond/Torsion
(°)
Connectivity
C1
C13 1.415 C1
C15 1.412 120.74 C13 C1
C17 1.404 120.78 -178.7 C15 C13 C1
C19 1.416 121.08 -0.5 C17 C15 C13
C21 1.429 119.04 -1.6 C19 C17 C15
022 1.414 124.59 -177.6 C21 C19 C17
C53 1.405 124.63 44.1 C22 C21 C19
C54 1.477 122.41 -179.1 C53 |C22 C21
H64 1.092 109.64 -119.8 C54 |C53 |C22
H65 1.092 112.51 120.5 C54 C53 H64
H66 1.092 109.42 -119.1 C54 C53 H64
H63 1.027 119.54 -179.5 C53 C22 C54
H62 1.024 117.61 177.5 C22
T”CMo. C53
C23 1.415 121.09 -179.9 C13 C1 jci£>
H24 1.025 118.61 179.9 C23 C13 C21
C25 1.414 117.49 177.6 C19 C17 C21
C27 1.416 120.87 60.8 C25 C19 C17
C29 1.408 120.65 -179.7 C27 C25 C19
C31 1.406 120.04 0.1 C29 C27 C25
C33 1.406 119.97 0.1 C31 C29 C27
C35 1.416 120.47 -179.5 C25 C19 (C2T
H36 1.024 120.15 180 C35 C25 [C33
H34 1.023 119.9 -180 C33 C31 C35
H32 1.024 120 180 C31 C29 C33
H30 1.023 120 -180 C29 C27 C31
H28 1.024 120.37 -179.6 C27 C25 C29
H18 1.025 118.32 179 C17 C15 C19
H16 1.025 120.46 179.9 C15 C13 C17
C3 1.417 120.76 49.4 C1 C13 C15
C5 1.408 120.93 179.8 C3 C1 C13
C7 1.406 120.01 -0.1 C5 C3 C1
C9 T.406 119.89 0.1 C7 C5 C3
C11 1.417 121 179.8 C1 C13 C3
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H12 1.024 120.46 -179.5 C11 C1 C9
H10 1.023 119.93 179.9 C9 C7 C11
H8 1.024 120.05 180 C7 C5 C9
H6 1.023 120.03 -179.8 C5 C3 C7
H4 1.024 120.4 -179.4 C3 C1 C5
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Table A9: Energy and Z-matrix definition for model with
Energy Decomposition KJ mol'1__________________
Valence Terms Nonbond Terms
Bonds : 39.52 Van der Waals :45.58
Angles : 10.26 Electrostatic >135.52
Torsions :32.70 
Inversions :1.11
Atom Bond/Length
(A)
Bond/Angle
O
Bond/Torsion
O
Connectivity
053
C22 1.26 053
|C21 1.42 119.68 C22 053
C19 1.43 125.52 150.50 C21 C22 053
C25 1.41 122.20 -15.30 C19 C21 C22
C27 1.43 124.60 129.30 C25 C19 C21
C28 1.42 125.21 -7.20 C27 C25 C19
054 1.26 119.71 154.90 C28 C27 C25
C52 1.47 113.91 -174.10 C28 054 C27
H58 1.09 109.46 42.70 C52 C28 054
H59 1.09 112.21 119.20 C52 C28 H58
H60 1.09 108.62 -119.60 C52 C28 H58
C29 1.42 117.82 -177.90 C27 C25 C28
C31 1.41 122.42 2.70 C29 C27 C25
C37 1.41 121.32 176.70 C31 C29 C27
C39 1.42 121.26 61.90 C37 C31 C29
C41 1.41 120.35 -179.60 C39 C37 C31
C43 1.41 119.93 0.20 C41 C39 C37
C45 1.41 120.11 -0.10 C43 C41 C39
C47 1.42 119.55 -179.60 C37 C31 C39
H48 1.03 120.33 -179.50 C47 C37 C45
H46 1.03 120.59 179.80 C45 C43 C47
H44 1.02 119.93 -180.00 C43 C41 C45
H42 1.03 119.99 -179.90 C41 C39 C43
H40 1.03 120.41 -179.30 C39 C37 C41
C33 1.41 118.52 -177.70 C31 C29 C37
C35 1.42 116.29 l^ 78.20 C25 C19 C27
H36 1.02 122.79 -178.80 C35 C25 C33
H34 1.02 122.80 180.00 C33 C31 C35
H30 1.02 119.23 178.00 C29 C27 C31
C17 1.42 118.89 -177.20 C19 C21 C25
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|C15 fi.39 121.51 7.30 C17 |C19 C21
C13 1.41 120.03 -1.00 C15 |C17 |C19
C1 1.40 120.52 178.10 C13 C15 C17
C3 1.41 120.09 J67.10 C1 C13 C15
C5 1.41 120.08 178.50 |C3 fci C13
C7 1.41 120.01 0.80 C5 fC3 C1
C9 1.41 120.09 -0.40 C7 C5 C3
C11 1.41 120.15 179.20 C1 C13 C3
H12 1.03 120.50 -179.60 C11 C1 C9
H10 1.02 120.70 -179.90 C9 C7 C11
H8 1.02 119.95 -180.00 C7 C5 C9
H6 1.02 119.30 -179.70 C5 C3 C7
H4 1.03 120.39 -179.30 C3 C1 C5
C23 1.42 (116 30 176.60 C21 C22 C19
H24 1.03 119.27 178.10 C23 [C21 C13
H16 1.02 (l17.13 179.20 C15 C17 C13
H18 1.02 123.15 -179.10 C17 C19 C15
C51 1.48 117.29 -168.00 C22 053 C21
H55 1.11 113.14 133.70 C51 C22 053
H56 1.09 109.02 -121.00 C51 C22 H55
H57 1.09 107.98 122.30 C51 C22 H55
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Table A10: Energy and Z-matrix definition for model with
Energy Decomposition KJmol'1______________________________
Valence Term s Nonbond T erm s
Bonds : 38.41 Van der Waals :54.48
Angles : 13.99 Electrostatic :-192.85
Torsions :30.84
Inversions :0.24
Atom Bond/Length
(A)
Bond/Angle
(°)
Bond/Torsion
n
Connectivity
051
C40 1.26 051
C39 1.42 118.71 C40 051
C37 1.43 124.67 140.10 C39 C40 051
C31 1.42 123.95 -2.60 C37 C39 C40
C33 1.43 125.65 106.40 C31 C37 C39
C34 1.42 126.3 7.20 C33 |C31 [C37
052 1.25 120.25 -140.50 C34 C33 C31
C49 1.47 112.56 174.60 C34 052 C33
H53 1.09 109.29 64.90 C49 C34 052
H54 1.12 111.47 118.90 C49 C34 H53
H55 1.09 110.16 -120.60 C49 C34 H53
C35 1.42 118.3 -179.80 C33 C31 C34
C25 1.41 122.72 -3.30 C35 C33 C31
C7 1.42 121.04 179.20 C25 C35 C33
C5 1.42 120.8 -130.50 C7 C25 C35
C3 1.41 121.04 178.80 C5 [C7 C25
C1 1.42 120.92 -0.10 C3 C5 C7
C13 1.41 120.98 -179.20 C1 C3 C5
C15 1.42 120.93 -50.60 C13 C1 C3
C17 1.41 120.86 179.90 C15 C13 C1
C19 1.41 120.06 0.10 C17 C15 C13
C21 1.41 119.85 -0.10 C19 C17 [C15
C23 1.42 120.75 179.90 C13 C1 C15
H24 1.02 120.44 179.40 C23 C13 C21
H22 1.02 119.96 -179.80 C21 C19 C23
H20 1.03 120.07 -180.00 C19 C17 C21
H18 1.02 119.99 179.90 C17 C15 C19
H16 1.02 120.47 179.40 C15 C13 C17
C11 1.42 118.16 179.80 C1 C3 C13
C9 1.42 121.25 179.30 C7 C25 C5
H10 1.03 120.41 -179.40 C9 C7 C11
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H12 1.03 120.33 179.40 C11 C1 C9
|H4 1.03 |Tl8.78 -179.00 jc3 C5 C1
H6 1.02 120.43 -179.00 C5 C7 C3
C27 1.41 117.79 -179.90 C25 C35 C l
C29 1.42 115.41 -178.40 C31 C37 C33
H30 1.03 119.93 -179.90 C29 C31 C27
H28 1.03 120.41 -179.90 C27 C25 C29
H36 1.03 118.44 179.80 C35 C33 C25
C47 1.41 118.61 -173.40 C37 C39 C31
C45 1.40 122.19 -0.60 C47 C37 C39
C43 1.40 119.71 -0.20 C45 C47 C37
C41 1.42 116.89 -177.10 C39 C40 C37
H42 1.03 120.3 -179.30 C41 C39 C43
H44 1.02 119.87 179.80 C43 C45 |C41
H46 1.02 118.33 -179.80 C45 C47 C43
H48 1.02 120.73 -177.30 C47 C37 C45
C50 1.48 115.05 i-179.00 C40 051 C39
H56 1.09 108.95 |54.60 C50 C40 051
H57 1.09 112.92 119.90 C50 C40 H56
H58 1.09 109.35 -118.60 C50 C40 H56
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Table A11 Energy and Z-matrix definition for model with
Energy Decomposition KJmol'1________________________
Valence Terms 
Bonds :40.06
Angles : 14.31
Torsions :26.92
Inversions :5.49x10'2
Atom Bond/Length
(A)
Bond/Angle
n
Bond/Torsion
n
Connectivity
f062~
C46 1.34 062 062
061 1.25 109.95 C46 062
C45 1.41 124.80 -179.10 C46 062 061
C43 1.43 123.75 178.90 C45 C46 062
[C49 1.42 124.47 -2.00 C43 C45 C46
C51 1.43 122.43 120.00 C49 C43 C45
C52 1.41 121.50 -7.50 C51 [C49 C43
066 1.35 122.31 -51.00 C52 C51 C49
H68 0.98 120.70 -3.50 066 C52 C51
065 1.25 117.41 -177.50 C52 066 C51
C53 1.42 119.66 179.50 C51 C49 C52
C55 1.41 120.77 2.80 C53 C51 C49
C57 1.40 119.86 0.40 C55 [C53~ C51
C59 1.42 119.02 176.70 C49 C43 C51
H60 1.03 119.98 -178.20 C59 fc49 C57
H58 1.03 119.67 179.60 C57 C55 C59
H56 1.03 120.04 179.20 C55 |C53 C57
H54 1.03 120.19 179.50 C53 C51 C55
C41 1.42 118.77 -179.40 C43 C45 C49
C39 1.41 121.26 0.90 C41 C43 C45
C37 1.41 120.62 -0.40 C39 C41 C43
C31 1.41 121.15 -179.60 C37 C39 C41
C29 1.41 121.15 -53.30 C31 C37 C39
C27 n 1.41 | 120.72 -178.60 C29 C31 C37
C25 1.42 120.91 -0.30 C27 C29 C31
C7 1.41 121.03 179.60 C25 C27 C29
C5 1.42 120.92 49.30 C7 C25 C27
C3 1.41 120.88 180.00 C5 C7 C25
C1 1.41 120.05 -0.10 C3 C5 C7
C11 1.41 119.89 0.10 C1 C3 C5
C9 1.42 120.81 180.00 07 C25 C5
Nonbond Terms 
Van der Waals :49.14 
Electrostatic >59.38
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H10 1.02 120.42 -179.40 |C9 C7 C11
|H12 1.02 119.93 179.90 |C11 C1 jC9
H2 1.02 120.06 180.00 C1 C3 C11
H4 1.02 120.01 -179.90 C3 C5 C1
H6 1.02 120.47 -179.40 C5 C7 C3
C35 1.42 118.12 -179.80 C25 C27 C7
C33 1.41 120.37 -179.40 C31 |C37 C29
H34 1.02 120.48 179.60 C33 C31 C35
H36 1.02 120.67 -179.60 C35 C25 C33
H28 1.02 118.60 179.10 C27 C29 C25
H30 Flo2~^~ 120.35 179.00 C29 C31 C27
|C47 1.42 117.53 179.60 C45 C46 C43
H48 1.03 119.30 -179.70 C47 C45 |C37
|H40 1.03 119.23 -179.10 |C39 C41 C37
H42 1.03 120.95 -179.30 C41 C43 C39
H67 la98 112.57 -0.70 062 C46 061
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Tabie A12 Energy and Z-matrix definition for model with ADH1
Energy Decomposition KJmol'1
Valence Terms Nonbond Terms
Bonds 5.56 Van der Waals : 2.98
Angles 5.93 Electrostatic :58.84
Torsions 0.20
Inversions 8.66x 10"3
Atom Bond/Length
(A)
Bond/Angle
n
BondTorsion
O
Connectivity
03
C1 1.22 03
N11 1.44 114.78 C1 |o i
N12 1.45 118.86 157.40 N11 C1 03
H14 1.00 106.51 63.70 N12 N11 C1
H15 1.00 106.05 116.00 N12 N11 H14
H13 1.00 112.31 138.10 N11 N12 C1
C2 1.51 123.69 -175.10 C1 03 N11
C4 1.51 111.52 99.70 C2 C1 03
H8 1.10 111.69 -56.80 C4 C2 C1
H9 1.10 112.39 120.70 C4 C2 H8
H10 1.10 110.68 -119.50 C4 C2 H8
H6 1.10 110.73 123.90 C2 C1 C4
H7 1.11 108.73 -121.00 C2 C1 C4
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Table A13 Energy and Z-matrix definition for model with ADH2
Energy Decomposition KJ mol'1_________________________
Valence Terms Nonbond Terms
Bonds :12.14 VanderWaals :14.32
Angles :5.31 Electrostatic :86.56
Torsions :0.29 
Inversions : 1.92x1 O'3
Atom Bond/Length
(A)
BondAngle
O
Bond/Torsion
O
Connectivity
03
C2 1.25 03
N12 1.35 119.67 C2 03
N42 1.37 123.93 1.70 N12 C2 03
H45 1.03 109.28 -113.20 N42 N12 C2
H46 1.03 107.89 115.20 N42 N12 H45
H40 0.97 119.16 -178.60 N12 N42 C2
C4 1.48 121.48 -180.00 C2 03 N12
C5 1.56 116.05 -0.80 C4 |C2 03
C6 jl .55 111.47 -178.40 C5 C4 C2
C7 1.56 111.62 179.00 C6 C5 C4
C8 1.48 113.49 -179.50 C7 C6 C5
09 1.25 119.16 -65.70 C8 Cl C6
N11 1.35 120.13 -180.00 C8 09 Cl
N41 1.37 123.9 -1.70 N11 C8 09
H43 1.03 108 -2.80 N41 N11 C8
H44 1.03 109.03 115.10 N41 N11 H43
H37 0.97 119.35 179.00 N11 |n41 C8
H35 1.09 109.6 122.40 Cl C6 C8
H36 1.09 110.37 -119.40 C7 C6 C8
H33 1.10 109.87 121.30 C6 C5 Cl
H34 1.10 109.66 -121.10 C6 |C5 Cl
H31 1.10 109.04 121.60 C5 C4 C6
H32 1.10 109.19 -121.90 C5 C4 C6
H29 1.09 106.84 -121.90 C4 C2 C5
H30 1.09 107.12 122.30 C4 C2 C5
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Table A14 Energy and Z-matrix definition for model with ADH3
Energy Decomposition KJmol'
Valence Terms 
Bonds :295.09
Angles :36.60
Torsions :88.40
Inversions :0.58
Nonbond Terms 
Van der Waals: 93.21 
Electrostatic : 21.43
Atom Bond/Length
(A)
Bond/Angle
O
Bond/Torsion
o
Connectivity
059
C55 1.30 059
N60 1.38 118.74 C55 059
N61 1.32 121.61 7.70 N60 C55 059
C37 1.36 120.76 63.70 N61 N60 C55
C36 1.40 119.89 I-95.00 C37 N61 N60
C26 1.41 121.41 -45.40 C36 iC37 N61
C38 1.41 121.8 -24.50 C26 C36 C37
C40 1.40 119.46 141.40 C38 |C26 C36
C42 1.40 120.24 |l 73.70 C40 |C38 C26
C44 1.40 120.01 -3.10 C42 [C40 |C38
C46 1.40 119.91 2.50 C44 [C42 C40
C48 1.40 120.47 173.30 C38 C26 C40
H49 0.95 120.02 |l77.10 C48 C38 C46
H47 0.95 119.96 179.40 C46 C44 C48
H45 0.95 120.03 179.80 C44 lC42 C46
H43 0.95 119.98 -178.80 C42 G40 C44
H41 0.95 119.87 179.90 C40 !C38T C42
C28 1.40 119.36 -175.90 C26 [C36 C38
C30 1.40 120.03 7.50 C28 C26 C36
C32 1.40 119.99 0.90 C30 C28 C26
C34 1.40 118.53 172.80 C36 C37 C26
H35 0.95 120 175.90 C34 C36 C32
H33 0.95 120.04 -178.90 C32 C30 [C34
H31 0.95 119.99 178.60 C30 [C32
H29 0.95 119.95 177.40 C28 C26 C30
C50 1.40 119.82 168.80 C37 N61 | C36
H52 0.95 109.6 1.10 C50 C37 N61
H53 0.95 109.53 -120.30 C50 [C37 ........ H52
H54 0.95 109.34 119.90 C50 C37 H52
H69 0.90 120.78 178.20 N60 N61 C55
C56 1.46 120.44 -177.90 C55 059 N60
C57 1.49 118.33 1.90 C56 C55 059
C86 1.53 123.76 177.10 C57 C56 C55
C85 1.48 120.06 72.30 C86 C57 C56
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C84 1.47 127.09 174.10 C85 C86 C57
088 1.30 121.98 -11.80 |C84 [C85 [C86
N89 1.37 121.39 178.10 C84 088 C85
N90 1.33 127.63 1.10 N89 C84 088
C79 1.37 131.13 14.60 N90 N89 C84
C78 1.40 124.53 -42.20 C79 N90 N89
1C70 1.40 119.93 -69.60 C78 C79 N90
C71 1.40 119.89 -159.10 C70 |C78 |C79
C73 1.40 120.07 -1.70 C71 C70 C78
C75 1.40 119.74 -3.50 C73 C71 C70
C99 1.40 120.54 -174.30 C75 C73 C71
C100 1.40 120.59 -21.90 C99 C75 C73
C102 1.40 119.89 178.90 C100 C99 C75
C104 1.40 120.01 -2.30 C102 jcioo C99
C106 1.40 119.99 2.00 C104 C102 C100
C108 1.40 119.41 178.90 |C99 C75 C100
H109 0.95 119.93 178.30 C108 [C99 C106
H107 0.95 120.03 179.40 C106 C104 C108
H105 0.95 120.01 179.80 C104 C102 C106
H103 0.95 119.99 -179.20 C102 C100 C104
H101 0.95 120.04 179.40 C100 C99 C102
C76 1.40 118.69 -164.80 |C78 C79 C70
H77 0.95 119.8 [-177.30 C76 C78 C75
H74 0.95 120.12 -177.80 C73 C71 C75
H72 0.95 119.97 179.30 C71 C70 C73
H110 0.95 120.01 176.00 C70 C78 C71
C80 1.41 117.2 -164.10 C79 N90 C78
H81 0.95 109.52 11.60 C80 C79 N90
H82 0.95 109.86 -120.40 C80 [C79 H81
H83 0.95 109.27 119.60 C80 C79 H81
H98 0.90 114.94 178.40 N89 N90 C84
H91 0.95 105.16 -122.10 C85 C86 C84
H92 0.95 105.89 124.70 C85 C86 C84
H93 0.95 108.46 -126.10 C86 C57 C85
H94 0.95 105.52 118.20 C86 C57 C85
H64 0.95 107.66 125.80 C57 C56 C86
H65 0.95 104.49 -119.80 C57 C56 C86
H62 0.95 107.09 121.50 C56 C55 C57
H63 0.95 107.58 -122.40 C56 C55 C57
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Table A15 Energy and Z-matrix definition for model with ADH5
Energy Decomposition KJ mol1______________________
Valence Terms Nonbond Terms
Bonds :44.04 Van derWaals :86.47
Angles : 11.52 Electrostatic :0.11
Torsions :62.36 
Inversions :0.95 
Total Energy: 205.46
Atom Bond/Length
(A)
Bond/Angle
O
Bond/Torsion
O
Connectivity
[046
C45 1.219 046
N54 1.365 120.2 C45 |046
N66 1.409 121.02 -0.20 N54 C45 046
C84 1.303 124.59 176.10 N66 N54 C45
C83 1.48 118.51 178.30 C84 N66 N54
C82 1.419 122.52 131.80 C83 C84 N66
C87 1.492 122.2 -8.80 C82 C83 C84
C88 1.405 120.43 132.60 C87 C82 C83
C90 1.401 120.55 -178.10 C88 C87 C82
C92 1.407 120.64 0.60 C90 C88 C87
C97 1.489 120.66 178.10 C92 C90 C88
C98 1.404 120.41 45.50 C97 C92 C90
C100 1.399 120.68 -179.90 C98 C97 C92
C102 1.405 120.82 0.80 C100 C98 C97
C103 1.408 118.55 -0.70 C102 C100 C98
C105 1.407 120.86 -179.80 C97 C92 C98
H106 1.084 119.89 -178.60 C105 C97 C103
H104 1.084 120.12 179.10 C103 C102 C105
H114 0.95 120 -180.00 C102 C100 C103
H101 1.083 118.84 -178.60 C100 |C98 C102
H99 1.082 120.15 -178.40 C98 ic97 C100
C93 1.405 118.77 -179.80 C92 C90 C97
C95 1.406 120.81 -179.60 C87 C82 C88
H96 1.083 120.17 -179.00 C95 C87 C93
H94 1.083 120.07 -178.60 C93 C92 C95
H91 1.083 119.1 177.60 C90 C88 C92
H89 1.083 120.17 177.30 C88 C87 C90
C80 1.407 118.65 -178.00 C82 C83 C87
C78 1.399 120.89 0.50 C80 C82 C83
C77 1.404 120.69 1.20 C78 C80 C82
C67 1.491 121.17 -179.10 C77 C78 C80
C68 1.406 120.79 38.50 C67 C77 C78
C70 1?4 120.65 179.40 C68 C67 C77
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C72 1.407 120.69 0.30 C70 1C68 C67
C73 1.405 118.56 -0.60 (C72 [C70 C68
C75 1.406 120.57 179.00 C67 C77 C68
H76 1.084 120.42 -178.20 C75 C67 C73
H74 1.082 120.28 177.50 C73 |C72 !C75
H113 0.95 120 180.00 C72 C70 C73
H71 1.083 118.95 -179.40 C70 C68 C72
H69 1.083 120.12 -178.60 C68 C67 |C70
C85 1.404 117.76 176.70 C83 [C84 C82
H86 1.082 118.95 176.80 C85 C83 C77
H79 1.082 119.07 177.40 C78 C80 C77
H81 1.083 120.22 178.10 C80 C82 C78
C107 1.503 121.48 -176.70 C84 N66 C83
H108 1.107 109.62 56.80 C107 C84 N66
H109 1.11 110.99 119.30 C107 C84 H108
H110 1.108 109.63 -120.70 C107 C84 H108
H64 1.042 118.19 179.60 N54 C45 N66
C47 1.505 119.39 -179.40 C45 046 N54
C48 1.538 111.31 -61.00 C47 C45 |046
C49 1.543 111.64 179.70 C48 C47 C45
C50 1.548 110.78 -149.40 C49 C48 C47
C51 1.506 111.52 65.50 C50 C49 C48
052 1.217 119.03 -114.60 C51 !cso C49
N53 1.372 121.03 -178.10 C51 052 C50
N65 1.412 122.25 53.10 N53 C51 052
C18 1.305 127.64 -62.80 N65 N53 C51
C17 1.48 117.08 174.50 C18 N65 N53
C16 1.42 122.92 119.20 C17 C18 N65
C21 1.487 122.6 1.00 C16 C17 C18
[C22 1.405 120.11 127.90 C21 C16 C17
C24 1.401 120.5 -179.50 C22 C21 C16
C26 1.407 120.55 0.10 C24 C22 C21
C31 1.488 120.57 179.10 C26 C24 C22
C32 [l405 120.72 41.60 C31 C26 C24
C34 1.399 120.72 -177.40 C32 C31 C26
C36 1.408 120.66 0.00 C34 C32 C31
C37 1.408 118.4 -2.10 C36 C34 C32
C39 1.404 120.54 -179.10 C31 C26 C32
H40 1.083 120.18 -176.60 C39 C31 C37
H38 1.082 120.59 175.50 C37 C36 C39
H112 0.95 120 -180.00 C36 C34 C37
H35 1.084 118.46 -179.90 C34 C32 C36
H33 1.082 120.2 -179.40 C32 C31 C34
C27 1.406 118.78 -179.40 C26 C24 C31
C29 1.404 120.87 179.90 C21 C16 C22
H30 1.084 120.31 180.00 C29 C21 C27
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H28 1.083 120.3 -178.80 C27 |C26 |C29......
H25 1.082 119.35 178.70 C24 [C22 C26
|H23 1.084 119.92 178.60 C22 [C21 C24
C14 1.406 118.87 -177.60 C16 C17 C21
C12 1.398 120.93 1.70 C14 C16 C17
C11 1.402 120.55 -1.10 C12 j c i 4 |C16
l e i 1.486 120.66 177.10 C11 C12 C14
C2 1.404 120.81 |45.80 C1 C11 C12
C4 1.401 120.48 179.80 C2 C1 C11
|C6 1.409 120.79 1.30 C4 |C2 C1
C7 1.408 118.43 -1.10 C6 j c 4 C2
(C9 1.404 120.29 -179.80 C1 C11 C2
I H 1 0 1.082 120.2 -179.10 C9 C1 C7
H8 1.083 120.6 179.50 C7 C6 C9
H111 0.95 120 180.00 C6 C4 C7
H5 1.082 118.82 -177.50 C4 C2 C6
H3 1.084 120.16 -177.80 C2 C1 C4
C19 1.407 117.52 -176.20 |C17 C18 C16
H20 1.085 119.17 179.30 C19 C17 C11
H13 1.083 119.09 177.10 C12 C14 C11
H15 1.085 120.12 176.50 C14 016 C12
C41 1.499 122.33 -179.50 C18 N65 C17
H42 1.108 109.36 -26.00 C41 C18 N65
H43 1.108 108.67 119.50 C41 C18 H42
H44 1.105 111.59 -121.10 |C41 C18 H42
H63 1.042 114.05 -162.10 N53 C51 052
H61 1.11 110.04 120.80 C50 C49 C51
H62 1.112 109.84 -120.00 C50 C49 C51
H59 1.117 110.76 120.80 C49 C48 C50
H60 1.115 109.97 -121.80 C49 C48 [C50
H57 1.115 fl10.12 122.80 C48 C47 C49
H58 1.121 107.65 -122.20 C48 C47 C49
H55 1.109 110.4 -122.20 C47 C45 C48
H56 1.11 107.05 119.70 C47 C45 C48
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Table B1 semi empirical z-matrix data with <*» r group
Atom Bond/length
(A)
Bond/Angle
(°)
Bond/Torsion
(°)
Connectivity
Cl
C 1.78 1
0 1.20 119.94 2 1
c 1.48 112.20 176.42 2 1 |3
c 1.40 121.83 104.07 4 2 |i
c 1.47 122.04 -0.41 5 R 2
c 1.40 119.90 -89.66 6 5 4
1c 1.39 119.77 -178.97 7 |6 5
c 1.39 120.16 0.086 8 7 6
c 1.39 120.03 0.03 9 8 7
c 1.40 119.99 -178.74 6 ps 7
H 1.10 119.98 179.62 |11 N 10
H 1.09 120.03 -179.84 10 9 11
H 1.09 119.98 -179.90 9 8 10
H 1.09 119.81 -179.90 8 7 9
H 1.10 119.99 -179.91 7 |6 8
C 1.40 119.18 -179.71 5 4 |6
C 1.39 120.54 0.025 17 5 4
C 1.40 120.26 -0.02 18 17 5
C 1.47 120.31 -179.94 19 18 17
c 1.40 120.17 -47.61 20 19 18
c 1.39 120.04 -179.89 21 20 19
c 1.39 120.18 -0.24 22 21 20
c 1.39 119.93 0.12 23 22 21
c 1.40 120.20 179.98 20 19 21
H 1.10 119.87 179.82 25 20 24
H 1.09 120.001 179.98 24 23 25
H 1.09 120.04 179.98 23 22 24
H 1.09 119.82 179.97 22 21 23
H 1.10 119.86 179.79 21 20 22
C 1.40 117.81 179.99 4 2 5
H 1.10 120.01 -179.83 31 k 19
H 1.09 120.02 -179.96 18 17 19
H 1.10 119.44 -179.95 17 5 18
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Table B2 semi empirical z-matrix data for substituted \ h r group
Atom Bond/length
(A)
Bond/Angle
n
BondTTorsion
(°)
Connectivity
0
C 1.35 1
0 1.21 111.07 2 1
C 1.49 121.78 178.67 2 1 3
C 1.40 122.71 49.95 4 2 1
C 1.47 122.42 0.24 5 4 2
C 1.40 119.84 -100.24 6 5 4
C 1.39 119.81 -178.71 7 l6 5
C 1.39 120.13 0.11 8 7 |6
C 1.39 120.04 0.04 9 Is 7
C 1.40 120.08 -178.50 6 5 7
H 1.10 119.96 179.81 11 |6 10
H 1.10 120.02 -179.83 10 9 11
H 1.10 119.96 -179.95 9 8 10
H 1.10 119.83 179.97 8 7 9
H 1.10 119.95 179.39 7 6 8
C 1.40 119.39 179.50 5 4 |6 . . . . . . .  .
C 1.39 120.60 -0.03 17 5 |4
C 1.40 120.16 -0.39 18 17 5
C 1.47 120.34 -179.59 19 18 17
C 1.40 120.19 -47.02 20 19 18
C 1.39 120.048 -179.91 21 20 19
|c 1.39 120.17 -0.24 22 21 |20
c 1.39 119.93 0.12 23 22 21
c 1.40 120.17 179.98 20 19 121
H 1.10 119.89 179.89 n 25 20 24 |
H 1.10 120.00 179.96 24 23 25
H 1.095 120.03 179.97 23 22 |24
H 1.095 119.83 179.97 22 21 23
H 1.096 119.88 179.80 21 20 22
C 1.40 117.37 179.14 4 2 5
H 1.10 119.74 179.64 31 4 19
H 1.097 120.01 -179.69 18 17 19
H ' 1.10 119.45 -179.82 17 5 18
H 0.95 110.34 172.68 1 2 3
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Table B3 semi empirical z-matrix data for substituted N  r group
Atom Bond/length
(A)
Bond/Angle
n
Bond/Torsion
n
Connectivity
I i I
C 2.054 I 1
0 1.187 1119.83 2 1
C 1.47 jl08.12 -178.23 2 1 3
ic 1.40 [122.02 -128.62 4 2 1
C 1.47 122.71 1.63 5 4 2
ic” 1.40 [l 19.91 -95.29 6 5 4
!c~ 1.39 119.77 -178.68 7 6 5
c 1.39 120.17 0.22 8 7 6
c 1.39 120.03 0.05 9 8 7
jc 1.40 [l 19.98 -178.25 I® 5 7
H 1.10 120.05 -179.99 11 6 10
H 1.10 [120.03 -179.89 10 9 11
(h 1.09 119.99 -179.91 9 8 10
H 1.09 119.80 -179.85 8 7 9
H 1.10 119.99 -179.67 7 !® 8
C 1.40 119.14 179.63 5 4 I®
C 1.39 120.69 0.12 17 5 4
Ic 1.40 120.20 -0.11 18 17 5
C 1.47 120.22 179.84 19 18 17
C 1.40 120.14 47.78 20 19 18
c 1.39 120.03 179.93 21 20 19
c 1.39 120.18 0.24 22 21 20
c 1.39 119.93 -0.14 23 22 21
ic 1.40 120.22 -179.98 20 19 21
H 1.10 119.90 -179.93 25 20 24
H 1.10 [12000 -179.93 24 23 25
H 1.09 120.04 -179.93 23 |22 24
H 1.09 119.81 -179.93 22 21 23
H 1.10 119.87 -179.71 21 20 22
C 1.40 117.79 -179.02 4 2 5
H 1.10 120.39 -179.93 31 4 |l9
H 1.10 120.03 -179.97 18 17 19
H 1.10 119.35 179.93 17 5 18
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Table B4 semi empirical z-matrix data for substituted x » r group
Atom Bond/length(A) Bond/Anglen Bond/Torsion(°)
Connectivity
H
C 1.37 1
0 1.21 119.70 2 1
c 1.49 112.74 178.61 2 1 3
c 1.40 121.69 88.36 4 2 1
!c~ 1.47 122.27 -0.49 5 4 2
c 1.39 119.80 -103.29 6 5 k ...... .
c 1.39 119.82 -178.91 7 6 5
c 1.39 120.16 0.22 8 7
c 1.39 120.012 -0.10 9 8 7
c 1.39 120.15 -178.68 6 5 7
H 1.09 119.97 179.61 11 jiT 10
H 1.09 120.03 -179.86 10 9 11
H 1.09 119.99 -179.95 9 8 10
H 1.09 119.82 180.00 8 7 9
H 1.09 119.90 -179.77 7 [6 I® _
C 1.40 119.13 179.93 5 4 |6
C 1.40 120.59 -0.144 17 5 k
C 1.40 120.23 -0.142 18 17 5
C 1.47 120.30 -179.75 19 18 17
C 1.40 120.19 -47.59 20 19 18
C 1.39 120.05 -179.91 21 20 19
C 1.39 120.18 -0.23 22 21 20
c 1.39 119.92 0.12 23 22 (21
c 1.40 120.19 179.96 20 19 21
H 1.10 119.85 179.82 25 20 24
H 1.09 120.00 -180.00 24 23 25
H 1.09 120.04 180.00 23 22 24
H 1.09 119.83 179.99 22 21 23
H 1.10 119.84 179.82 21 20 22
C 1.39 117.93 179.12 4 2 5
H 1.10 120.10 179.99 31 4 19
H 1.10 120.02 -179.83 18 17 19
H 1.104 119.43 -179.92 17 5 18
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Table B5 semi empirical z-matrix data for substituted o ' 2 r group
Atom Bond/length
(A)
Bond/Angle
(°)
Bond/Torsion
(°)
Connectivity
N I
C 1.39 1
0 1.23 117.64 2 1
ic 1.49 117.27 178.40 2 1 3
jc 1.40 121.98 -74.82 k 2 1
c 1.47 122.48 -0.03 5 4 2
c 1.40 120.37 -65.69 6 |5 4
jc 1.39 119.82 -178.60 7 SeT" 5
c 1.39 120.24 -0.09 8 7 |6
c 1.39 119.98 0.16 9 8 7
c 1.40 119.72 -178.40 6 5 7
H 1.10 119.82 -179.72 11 fe 10
H 1.09 120.02 179.83 10 9 11
H 1.09 120.03 179.94 9 8 10
H 1.10 119.73 -179.90 8 7 9
H 1.10 119.90 -179.60 7 |6 8
C 1.40 119.15 -179.71 5 4 P*
C 1.39 120.68 0.64 17 Is 4
C 1.40 120.17 -0.20 18 17 5
C 1.47 120.28 179.79 19 18 17
C 1.40 120.17 -47.24 20 19 18
C 1.39 120.06 -179.89 21 20 19
C 1.39 120.19 -0.22 22 21 20
C 1.39 119.92 0.14 23 22 21
C 1.40 120.25 -179.97 20 19 21
H 1.10 119.85 179.95 25 20 |24
H 1.09 119.99 179.93 24 23 25
H 1.09 120.04 179.93 23 22 24
H 1.09 119.82 179.93 22 21 23
H 1.10 119.83 179.72 21 20 &2
C 1.40 117.84 -179.01 4 2 5
H 1.10 119.89 -179.33 31 4 19
H 1.10 120.02 179.89 18 17 19
H 1.10 119.35 179.81 17 5 18
H 0.99 120.53 -178.01 1 2 3
H 0.99 120.89 177.09 1 2 35
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/  % —c h ,Table B6 semi empirical z-matrix data for substituted H h r group
Atom Bond/length
(A)
Bond/Angle
n
Bond/Torsion
O
Connectivity
C i
C 1.46901 1 l
C 1.39785 120.2469 2 1
C 1.38693 119.9793 -179.928 3 2 1
Ic 1.39832 120.7366 0.00029 4 3 2
c 1.40079 119.6242 -0.32598 5 4 3
c 1.46453 123.653 -179.735 6 5 IS
rc 1.33534 123.534 51.08136 7 6 5
c 1.47877 122.9582 178.0483 8 7 l*T
H [T09835 110.4407 -120.901 9 8 7
H H .0982 113.0725 120.6379 9 8 10
H 1.09842 110.4011 -118.766 9 8 10
H 1.09884 R20.6365 179.2458 8 7 9
H 1.09824 115.2172 177.7169 7 |e 8
C 1.39372 120.2565 -179.982 2 1 |3
H 1.09725 119.6909 179.9609 15 2 6
C 1.47273 117.7936 179.2755 5 4 le“
C 1.39657 120.0067 79.68774 17 5 4
c 1.39031 |119.8834 -178.59 18 17 5
c 1.39113 120.1585 0.04078 19 18 17
c 1.39081 119.9869 -0.04932 20 19 18
c 1.39579 120.056 -178.582 17 5 18
H 1.09523 119.8568 179.8875 22 17 21
H |1.09484 119.9907 179.9835 21 20 22
H 1.09471 119.9953 179.9904 20 19 21
H 1.09481 119.8431 179.9582 19 18 20
H 1.0955 119.8149 179.992 18 17 19
H 1.09585 119.8608 179.9139 4 3 5 ]
H 1.09594 119.8841 179.9945 3 2 4
C 1.39735 120.2093 47.30723 1 2 3
C 1.38995 120.0834 179.8996 30 1 |2
C 1.39094 120.1871 0.22649 31 30 1
C 1.39092 119.9048 -0.11243 32 31 30
C 1.39734 120.2365 -179.985 1 2 30
H 1.09603 119.7894 -179.866 34 1 33
H 1.09485 119.9862 179.9934 33 32 34
H 1.09469 120.0469 ^79.9985 32 31 33
H 1.09485 119.8277 -179.994 31 30 32
H 1.09599 119.7887 -179.862 30 1 31
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Table B7 semi empirical z-matrix data for substituted * N°2 r group
Atom Bond/length
(A)
Bond/Anglen Bond/Torsion(°) Connectivity
N
O 1.308 1
O 1.307 115.54 1 2
C 1.362 122.75 178.71 1 2 3
O 1.257 120.28 -175.07 4 1 2
ic 1.414 123.56 179.04 4 1 5
C 1.427 122.90 56.53 6 4 1
c 1.414 123.08 3.84 7 |6 4
c 1.416 120.69 -120.62 8 7 6
c 1.408 120.68 -179.88 9 8 7
c 1.407 120.03 0.00 10 9 8
c 1.407 119.92 0.07 11 10 9
c 1.416 120.63 -179.66 8 7 9
H 1.024 120.41 -179.73 13 8 12
H 1.023 119.97 179.98 12 11 13
H 1.024 120.02 -179.89 11 10 12
H 1.023 119.98 -179.69 10 9 11
H 1.024 120.25 -179.18 9 8 10
C 1.415 118.98 178.07 7 6 8
C 1.405 121.04 -1.54 19 7 |6
C 1.412 120.82 -0.19 20 19 7
C 1.414 [120.80 -178.95 21 20 19
C 1.416 120.74 -51.97 22 21 20
C 1.408 120.83 -179.98 23 22 21
Ic 1.406 120.08 0.00 24 23 22
C 1.406 119.89 -0.04 25 24 23
C 1.417 120.91 179.98 22 21 23
H 1.024 120.39 179.34 27 22 26
H 1.024 119.90 -179.88 26 25 k l ........ .
H 1.024 120.05 179.99 25 24 26
H 1.023 119.95 179.82 24 23 25
H 1.024 120.38 179.40 23 22 24
C 1.419 118.08 179.59 6 4 7
H 1.027 119.34 -179.14 33 |6 21
H 1.024 118.77 -178.89 20 19 21
H 1.026 120.49 -178.80 19 7 20
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Table B8 semi empirical z-matrix data for substituted ^  c”3 r group
Atom Bond/length(A) Bond/Anglen Bond/Torsionn
Connectivity
O
C 1.36 1
O 1.22 117.44 2 1
C 1.49 116.58 -179.87 2 1 3
C 1.40 125.48 0.00 4 2 1
C 1.47 124.67 0.01 5 4 2
C 1.40 119.95 -91.28 I® 5 4
C 1.39 119.79 -177.54 7 I® 5
C 1.39 120.18 0.15 8 7 I®
C 1.39 120.01 0.00 9 8 7
C 1.40 119.96 -177.24 6 5 7
H 1.10 119.97 179.79 11 I® 10
H 1.09 120.00 -180.00 10 |9 11
H 1.09 119.99 179.99 9 8 10
H 1.09 Rl9.82 -180.00 8 7 9
H 1.10 119.97 -179.77 7 [6 8
C 1.40 119.43 179.97 5 4 6
C 1.39 121.16 0.14 17 5 |4
C 1.40 119.78 -0.15 18 17 5
c 1.47 120.34 -179.94 19 18 17
c 1.40 120.17 -46.77 20 19 18
c 1.39 120.07 -179.93 21 20 19
c 1.39 120.18 -0.21 22 21 20
c 1.39 119.92 0.13 23 22 21
jc 1.40 120.24 179.99 20 19 21
H 1.10 119.88 179.99 25 20 24
H 1.09 120.00 179.93 24 23 25
H 1.09 120.04 179.94 23 22 24
H 1.09 119.83 179.94 22 21 23
H 1.10 119.86 179.76 21 £o 22
C 1.40 115.53 -179.98 4 2 5
H 1.10 119.84 -179.89 31 4 19
H 1.10 120.22 -179.90 18 17 19
H 1.10 119.16 -179.98 17 5 18
C 1.41 118.63 -0.17 1 2 3
H 1.09 102.08 -179.94 35 1 2
H 1.10 111.95 118.17 35 1 36
H 1.10 111.94 -118.16 35 1 36
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\  J  \  J ~ \ f
Table B10 semi empirical z-matrix data for «./
Atom Bond/length
(A)
Bond/Angle
(°)
Bond/Torsion
n
Connectivity
0 r
C 1.21 1
C 1.50 122.23 2 1
C 1.40 122.57 82.39 3 2 1
c 1.47 122.28 -1.32 4 3 2
c 1.40 122.28 107.34 5 4 3
c 1.50 122.57 -1.32 6 5 R
o 1.21 122.23 82.36 7 6 5
c 1.50 122.78 -178.25 7 8 6
H 1.10 110.01 117.25 9 7 8
H 1.10 110.35 118.47 9 7 10
H 1.10 112.89 -120.68 9 7 10
C 1.40 120.03 179.81 6 5 7
C 1.40 120.48 -0.08 13 6 5
C 1.47 120.22 -179.99 14 13 |6
C 1.40 120.22 47.48 15 14 13
c 1.39 120.04 179.87 16 15 14
c 1.39 120.19 0.23 17 16 15
c 1.39 119.92 -0.14 18 17 16
c 1.40 120.16 179.94 15 14 16
H 1.10 119.83 -179.91 20 15 19
H 1.09 120.00 -179.96 19 18 20
Ih 1.09 120.04 -179.96 18 17 19
H 1.09 119.82 -179.96 17 16 18
H 1.10 119.85 -179.74 16 15 17
C 1.40 119.43 -179.99 14 13 15
C 1.40 118.44 178.32 5 s 6
H 1.10 119.46 -179.50 £7 5 26
H 1.10 119.85 -179.98 26 14 27
H 1.10 119.78 -179.84 13 |6 14
C 1.40 119.26 -178.31 4 3 |5 .......
C 1.39 120.63 -0.21 31 4 3
C 1.40 120.17 015 32 31 4
C 1.47 120.35 179.96 33 32 31
C 1.40 120.16 47.41 34 33 32
C 1.39 120.04 179.89 35 34 33
C 1.39 120.19 0.25 36 35 34
C 1.39 119.93 -0.10 37 36 35
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c 1.40 120.22 -179.94 34 33 35
H 1.10 119.85 -179.74 39 |34 38
|H 1.09 120.00 179.96 38 37 39
1.09 120.04 179.96 37 36 38
H 1.09 119.82 179.96 36 35 37
H 1.10 119.83 -179.91 35 34 36
C 1.40 117.41 -179.81 |3 2 |4
H 1.10 119.78 j-179.84 45 3 33
H 1.10 119.98 179.98 32 31 33
H 1.10 119.46 -179.50 31 4 32
C 1.50 122.78 -178.25 2 1 3
H 1.10 110.35 -124.29 49 2 1
H 1.10 110.01 -118.47 49 2 50
H 1.10 112.89 120.85 49 N 50
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Table B11 semi empirical z-matrix data for
Atom Bond/length
(A)
Bond/Angle
n
Bond/Torsion
n
Connectivity
0
C 1.22 i 1
C 1.50 121.78 2 1 |
C 1.40 121.96 99.62 3 2 1
ic 1.47 121.77 -3.75 4 3 2
c 1.40 122.25 111.75 5 4 3
c 1.50 [12197 0.08 6 5 |4
0 1.21 122.26 -89.34 7 |6 |5
c 1.50 123.22 179.23 7 8 [6
H 1.10 113.00 3.37 9 7 |8
H 1.10 109.48 120.61 9 7 10
H 1.10 110.25 -121.01 9 7 10
C 1.39 120.14 179.37 6 5 7
C 1.40 120.40 -0.39 13 |6 5
C 1.47 120.25 179.84 14 13 Is
C 1.40 120.19 -132.91 15 14 13
C 1.39 120.24 -180.00 16 15 14
C 1.40 120.29 0.02 17 16 [l5
C 1.47 120.28 179.98 18 17 16
C 1.40 120.22 -47.23 19 18 17
C 1.39 120.08 -179.88 20 19 18
C 1.39 120.19 -0.24 21 20 19
C 1.39 119.91 0.11 22 21 20
C 1.40 120.22 179.99 19 18 20
H 1.10 119.81 179.81 24 19 23
H 1.09 119.99 -179.98 23 22 24
H 1.09 120.04 -179.98 22 21 23
H 1.09 119.83 -179.99 21 20 22
H 1.10 119.81 179.86 20 19 21
C 1.40 119.45 180.00 18 |l7 19
C 1.40 120.32 -180.00 15 14 16
H 1.10 119.84 -179.81 31 15 30
H 1.10 119.77 179.87 30 18 31
H 1.10 119.94 -179.84 17 16 18
H 1.10 119.82 -179.78 16 15 17
C 1.40 119.44 -179.96 14 13 15
C 1.40 118.52 178.69 5 4 6
H 1.10 119.50 -179.44 37 5 36
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H 1.10 119.85 |l79.85 36 14 37
H 1.10 119.83 179.76 |13 Ss 14
C 1.40 119.32 -178.48 k 3 5
Ip 1.39 120.50 1.47 41 4 3
C 1.39 120.01 -0.50 42 41 fT
c 1.40 118.16 179.19 3 2 4
H 1.10 119.68 -179.76 44 3 S3
H 1.10 120.09 -179.77 43 42 [44
H 1.10 119.91 -179.92 42 41 43
H 1.10 119.28 1-178.39 41 4 42
C 1.50 123.21 -178.84 2 1 |3
H 1.10 110.22 118.96 49 2 1
H 1.10 110.17 118.41 49 2 50
1.10 112.84 -120.75 49 2 60
/
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Table B12 semi empirical z-matrix data for
Atom Bond/length
(A)
Bond/Angle
n
Bond/Torsion
(°)
Connectivity
O
C 1.35 1
O 1.22 115.96 2 1 1
C 1.49 115.33 179.18 2 1 3
C 1.40 121.31 117.12 "14 2 1
c 1.47 122.01 -2.91 5 k 2
Ic 1.40 121.92 99.90 6 5 4
c 1.49 121.91 -0.28 7 |6 5
o 1.35 121.04 -80.46 8 7 le
H 0.95 110.77 4.50 9 8 7
O 1.21 111.72 178.49 8 9 7
C 1.40 120.03 178.87 7 [e 8
C 1.39 120.10 jo.26 12 7 6
C 1.39 120.02 -0.23 13 12 7
C 1.40 118.62 178.69 6 5 7
(h 1.10 119.63 179.86 15 14
H 1.10 120.03 -179.88 14 |l3 15
H 1.10 119.90 -179.83 13 12 14
H 1.10 119.83 -179.66 12 7 13
C 1.40 119.28 -178.47 5 4 w
C 1.39 120.48 0.00 20 5 4
c 1.40 120.26 0.02 21 |20 5
c 1.47 120.32 -179.94 22 21 20
c 1.40 120.20 -47.70 23 22 |21
c 1.39 120.22 179.99 24 23 22
c 1.40 120.28 -0.06 25 24 |23
c 1.47 120.26 -179.98 26 25 \24
c 1.40 120.21 47.25 27 26 25
[c 1.39 120.07 179.87 28 27 26
c 1.39 120.19 0.24 29 28 27
c 1.39 119.91 -0.13 30 29 28
c 1.40 120.21 179.98 27 26 28
H 1.10 119.82 -179.86 32 27 31
H 1.09 119.99 -179.98 31 30 32
H 1.09 120.04 -179.98 30 29 31
H 1.09 119.82 -179.97 29 28 30
H 1.10 119.82 -179.79 28 27 29
C 1.40 119.47 179.96 26 25 27
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|c 1.40 120.25 179.91 23 CM
U
m 24
H 1.10 119.87 179.64 39 23 |38
H 1.10 119.78 -179.79 38 26 39
H 1.10 119.95 179.90 25 24 26
H 1.10 119.85 179.85 24 23 25
C 1.39 118.42 178.69 4 [2 5
H 1.10 120.14 -179.94 44 4 22
H 1.10 119.94 -179.71 21 20 22
H 1.10 119.55 -179.43 20 5 21
H 0.95 109.90 -0.04 1 |2 3
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Table B13 semi empirical z-matrix data for substituted ADH2
Atom Bond/length
(A)
Bond/Angle
(°)
Bond/Torsion
(°)
Connectivity
O
C 1.22 1
N 1.42 117.85 2 1
N 1.43 122.93 14.06 3 2 1
H 1.00 106.88 -81.18 4 3 6
H 1.00 109.71 118.27 4 3 |5
H 1.00 112.22 -151.23 3 4 2
C 1.52 124.36 -176.48 2 1 3
C 1.52 110.61 91.69 8 2 1
C 1.52 110.83 -177.80 9 8 2
C 1.52 110.78 -179.63 10 9 8
C 1.51 110.71 178.71 11 10 9
O 1.22 124.15 -97.67 12 11 10
N 1.44 118.58 175.67 12 13 11
N 1.44 120.75 21.14 14 12 13
H 1.00 106.13 -99.29 15 14 12
H 1.00 110.59 118.32 15 14 16
H 1.00 108.23 -132.98 14 15 12
H 1.11 110.49 122.73 11 10 12
H 1.11 110.01 -121.09 11 10 12
H 1.11 110.00 121.87 10 9 11
H 1.11 109.82 -122.14 10 9 11
H 1.11 109.98 121.86 9 8 10
H 1.11 110.26 -121.92 9 8 10
H 1.11 109.15 -121.24 8 2 9
H 1.11 110.95 122.86 8 2 9
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Table B14 semi empirical z-matrix data for ADH3
Atom Bond/length
(A)
Bond/Angle
(°)
Bond/Torsion
(°)
Connectivity
O
C 1.22 1
N 1.45 119.43 2 1
N 1.42 119.12 -29.39 3 2 1
C 1.30 122.46 84.39 4 3 2
C 1.48 116.39 178.64 5 pr 3
C 1.40 122.42 -88.00 6 5 4
c 1.47 122.85 0.25 7 ¥ 5
c 1.40 119.63 117.57 8 \7 6
c 1.39 119.98 178.30 9 ¥ 7
c 1.39 120.19 -0.39 10 9 8
c 1.39 119.93 0.40 11 10 9
c 1.40 120.66 178.30 8 7 9
H 1.10 119.62 -178.82 13 8 12
H 1.09 120.02 179.89 12 11 13
H 1.09 120.04 179.90 11 10 12
H 1.09 119.82 -179.91 10 9 11
H 1.10 119.73 179.90 9 8 10
C 1.40 119.19 179.98 7 le 8
C 1.39 120.60 0.30 19 7 6
C 1.39 120.02 -0.23 20 19 7
C 1.40 117.66 -179.66 |e 5 7
H 1.10 119.66 179.78 22 N |2 r
H 1.09 120.10 -179.81 21 20 22
H 1.09 119.93 -179.89 20 19 21
H 1.10 119.33 -179.87 19 7 20
C 1.49 128.48 178.70 5 4 6
H 1.10 114.04 4.89 27 5 4
H 1.10 109.99 -121.05 27 5 28
H 1.10 109.34 120.69 27 5 28
H 1.00 105.47 126.94 3 4 2
C 1.51 125.19 175.66 2 1 3
C 1.52 113.42 -6.44 32 2 1
C 1.52 111.15 -172.50 33 32 2
C 1.52 111.16 66.71 34 33 32
C 1.52 113.41 -171.97 35 34 33
O 1.22 125.19 -4.99 36 35 34
N 1.45 119.75 -175.64 36 37 35
N 1.42 118.36 -26.36 38 |36 37
C 1.30 121.93 93.01 39 38 36
C 1.48 126.41 -1.31 40 39 38
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c 1.39 120.11 [-92.39 41 40 39
Ic [l.39 119.40 -178.46 l42 41 40
c 1.39 120.39 0.08 43 42 [41
c |i.40 120.65 -0.03 [44 43 |42
c 1.47 120.65 180.00 |45 44 43
c 1.40 120.61 -0.24 46 45 44
c 1.39 120.60 -180.00 47 46 45
c 1.39 120.18 0.00 48 47 46
c [1.39 119.74 0.00 49 |48 47
c 1.40 120.68 179.99 46 45 47
H 1.10 119.20 -179.99 51 46 50
H 1.09 120.01 179.98 50 (49 51
H 1.09 120.13 179.99 49 48 50
H 1.09 119.81 179.99 48 47 |49
H 1.10 119.17 179.99 47 46 48
[c 1.39 119.49 -178.32 41 40 42
H 1.10 120.41 -179.94 57 41 45
H 1.10 120.24 180.00 44 (43 45
H 1.10 119.76 -179.90 43 42 |44
H 1.10 120.15 1-179.21 42 41 43
C 1.49 118.23 179.55 40 39 41
H 1.10 113.62 -1.46 62 40 39
H 1.10 110.07 -121.04 62 40 63
H 1.10 109.75 120.69 |&T 40 |63
H R.00 105.61 126.12 38 39 36
H 1.11 109.81 -122.26 35 34 36
H 1.12 108.68 122.44 35 34 36
H 1.11 110.07 -122.35 34 33 35
H 1.11 109.71 121.91 34 33 35
H 1.11 110.17 122.31 33 32 34
H 1.11 110.02 -121.72 33 32 34
H 1.11 108.87 122.60 32 £ 33
H I1.12 110.00 -121.95 32 2 33
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Table B15 semi empirical z-matrix data for ADH4
Atom Bond/length
(A)
Bond/Angle
n
Bond/Torsion
(°)
Connectivity
O
C 1.22 1
N 1.44 119.52 2 1
N 1.42 120.42 22.65 3 2 1
C 1.30 122.14 -90.06 4 3 2
C 1.48 126.75 1.89 5 4 3
c 1.40 122.25 -86.34 6 5 4
c 1.47 123.02 1.15 7 6 5
c 1.40 119.54 119.58 8 7 6
c 1.39 120.03 178.27 9 8 7
c 1.39 120.17 -0.40 10 9 8
c 1.39 119.92 0.30 11 10 9
c 1.40 120.80 178.09 8 7 9
H 1.10 119.66 -178.86 13 8 12
H 1.09 120.02 179.86 12 11 13
H 1.09 120.04 179.94 11 10 12
H 1.09 119.83 -179.83 10 9 11
H 1.10 119.71 -179.85 9 8 10
C 1.40 119.17 -179.98 7 8
C 1.39 120.64 0.40 19 7 6
C 1.39 120.00 -0.27 20 19 7
C 1.40 117.86 -178.56 6 5 7
H 1.10 119.58 179.07 22 |6 21
H 1.09 120.15 -179.77 21 20 22
H 1.09 119.93 -179.92 20 19 21
H 1.10 119.30 -179.99 19 7 |20
[c 1.50 118.08 179.19 5 4 6
H 1.10 109.47 120.40 27 5 |4
H 1.10 113.67 -120.70 27 5 28
H 1.10 109.94 118.26 27 5 28
H 1.00 109.29 -136.50 3 4 2
C 1.52 125.29 -176.34 2 1 3
C 1.52 113.08 9.28 32 1
C 1.51 111.06 -179.62 33 32 2
H 1.10 111.08 -179.98 34 33 32
H 1.10 111.79 119.88 34 33 35
H 1.10 111.75 -119.86 34 33 35
H 1.11 110.02 122.16 33 32 34
H 1.11 109.90 -122.10 33 32 34
H 1.11 109.72 122.64 32 2 33
H 1.11 108.57 -122.10 32 2 33
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Table B17 semi empirical z-matrix data for ADH5
Atom Bond/length
(A)
Bond/Angle
n
Bond/Torsion
n
Connectivity
O
C 1.21 1
N 1.44 120.93 2 1
N 1.38 121.03 11.33 3 2 1
C 1.30 121.70 168.68 4 3 2
C 1.48 117.55 178.70 5 |4.... . 3
fc 1.40 122.25 69.45 6 5 4
C 1.47 122.25 1.92 7 16 ..... 5
C 1.40 120.00 72.30 8 7 6
fc 1.39 120.08 178.84 9 8 7
C 1.40 120.23 0.50 10 9 8
C 1.47 120.22 179.58 11 10 9
C 1.40 120.27 46.92 12 11 10
C 1.39 120.10 179.90 13 12 11
c 1.39 120.19 0.20 14 13 12
c 1.39 119.90 -0.12 15 14 13
c 1.40 120.19 179.97 12 11 13
H 1.10 119.79 179.98 17 12 16
H 1.09 119.99 -179.91 16 15 17
H 1.09 120.05 -179.92 15 14 16
H 1.09 119.83 -179.93 14 [13 15
H 1.10 119.80 -179.78 13 12 14
C 1.40 119.53 -179.86 11 10 12
C 1.40 120.15 179.05 8 7 9
H 1.10 119.83 -179.16 24 8 23
H 1.10 119.82 179.91 23 11 24
H 1.10 119.96 179.89 10 9 11
H 1.10 119.79 179.85 9 8 10
C 1.40 119.29 179.23 7 6 8
C 1.39 120.65 -1.49 29 7 6
C 1.40 120.46 -0.30 30 29 7
C 1.47 120.63 -177.43 31 30 29
C 1.40 120.86 -10.03 32 31 30
C 1.39 120.43 179.08 33 32 31
C 1.39 120.29 -0.51 34 33 32
C 1.39 119.70 0.30 35 34 33
C 1.40 120.36 178.98 32 31 33
H 1.11 119.28 179.94 37 32 36
H 1.10 120.97 -179.51 36 35 37
H 1.09 120.14 -179.93 35 34 36
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H 1.09 119.77 -179.80 34 33 35
H 1.10 118.90 -179.49 33 32 34
C 1.39 118.02 179.33 6 5 7
H 1.10 119.96 179.41
00ja: |6 31
H 1.10 120.61 -179.99 30 29 31
H 1.10 119.43 -179.80 29 7 30
C 1.49 126.52 -179.47 5 4 6
H 1.10 110.41 112.56 |47 5 4
H 1.10 110.14 118.79 47 5 48
H 1.10 113.39 -120.61 |47 5 48
H 1.00 118.30 158.27 3 2 4
C 1.52 123.88 -178.27 2 1 3
C 1.52 111.13 100.85 52 1
C 1.52 110.91 174.61 53 52 2
C 1.52 112.33 -179.04 54 53 52
ic 1.52 112.45 |6lT81 55 [54 53
O 1.22 123.47 -109.64 56 55 54
N 1.44 119.50 176.50 56 57 55
N 1.41 120.62 25.78 58 56 57
C 1.30 122.86 -77.89 59 58 56
C 1.48 115.80 178.34 60 59 58
C 1.40 122.38 104.62 |si |60 59
C 1.47 122.14 -1.40 |62 !ei 60
C 1.40 1 119.99 96.10 |63 |62 61
C 1.39 120.04 178.91 64 63 [62
C 1.40 120.25 0.13 |65 [64 63
C 1.47 120.22 179.92 |66 65 [64
C 1.40 120.23 47.27 |67 66 [65
C 1.39 120.08 179.89
COto i s 7 [66
C 1.39 120.19 0.23 69 {68 |67
C 1.39 119.91 -0.12 70 69 [68
C 1.40 120.22 179.99 |67~ [66
H 1.10 119.80 -179.87 72 [67 71
H 1.09 119.98 -180.00 71 70 72
H 1.09 120.05 -179.99 70 [69 71
H 1.09 119.83 -179.99 69 [68 70
H 1.10 119.81 -179.84 67 69
C 1.40 119.53 179.95 6 ^ “ 65 67
C 1.40 120.11 178.86 §3~ [62 64
H 1.10 119.86 -179.93 79 63 78
H 11.10 119.78 -179.80 78 66 79
H 1.10 119.96 179.94 65 64 66
H 1.10 119.89 -179.83 64 63 65
C 1.40 119.38 -179.86 62 61 63
C 1.39 120.64 0.16 84 62 61
C 1.40 120.05 0.32 85 84 62
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C I 1.47 120.69 179.51 |86 [85 84
c 1.40 120.41 49.41 87 86 85
c 1.39 120.10 178.67 88 87 86
c 1.39 120.15 0.32 89 88 87
c 1.39 119.82 0.34 90 [89 [88
c 1.40 119.97 179.40 87 86 88
H 1.10 120.07 179.89 92 87 91
H 1.10 119.69 -179.84 91 90 92
H FMO 120.62 -179.85 90 89 91
H 1.09 119.84 -179.84 89 88 90
H 1.10 119.76 -179.65 88 87 89
C 1.40 117.70 179.26 ||61 60 62
H 1.10 119.93 179.97 98 61 86
H 1.10 120.13 179.79 85 84 86
H 1.10 119.45 179.87 84 [62 85
|c  _ ....... 1.49 128.30 -177.63 [so 59 61
H 1.10 113.48 -19.55 102 [60 59
H 1.10 110.03 120.61 102 [60 103
H 1.10 110.08 -120.65 102 [60 103
H 1.00 114.81 159.39 58 56 57
H 1.11 109.93 122.44 55 54 56
H 1.11 109.69 -121.75 55 54 56
H 1.11 110.03 123.55 54 53 55
H 1.11 109.62 -121.14 54 53 55
H 1.11 110.07 122.02 53 52 54
H 1.11 110.37 -121.93 53 52 54
H 1.11 109.34 -121.50 52 2 53
H 1.11 110.40 123.09 52 2 53
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Chapter 4 Semi Empirical Results and Discussion
Commercial sourced graded were utilized at the highest purity available without 
further purification. Table Cl shows the relative molecular mass, purity and source o f 
chemical used in this study is given below.
Table C1 Showing the Relative Molecular Masses and Percentage purity of Compounds
Compound/Solvent RMM % Purity
T etrakis(triphenylphosphine)palladium(0) 1155.58 99.01*
4,4’Biphenyldibororic Acid 241.85 97.01
Sodium Hydrogen Carbonate 84.01 98.01
Hydrochloric Acid 36.4 GPR
2-amino-5-bromobenzoic acid 215.04 98.01
Sodium Nitrite 68.02 98.01
Acetic Acid 64.08 99.5
Ammonia 17.01 99.4
Copper(I) Oxide 143.10 99.9
Ethanol 46.03 0.789 g/mL at 20°C
Bromine 79.04 99.6
Phenanthraquinone 208.04 95.7
Methyl Iodide 141.94 2.28g/mL at 25°C
Diethyl Ether 74 0.71g/mL at 20°C
Ammonium Sulphate 131.6 97.4*
Petroleum Ether 72.02 2.7 g/mL at 20°C
Chromium trioxide 99.96 95
Acetone 58.08 99.8
All the chemicals were obtained from Aldrich Chemical Co., except marked by * 
were from Lancaster.
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